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Abstract 
 
In recent years, there has been a considerable interest in organic 
semiconducting materials due to their potential to enable, amongst other things, 
low-cost flexible opto-electronic applications, such as large-area integrated 
circuitry boards, light-emitting diodes (OLEDs) and organic photovoltaics 
(OPVs). Promisingly, improved electronic performance and device structures 
have been realized with e.g. OLEDs entering the market and organic field-effect 
transistors (OFETs) reaching the performance of amorphous silicon devices; 
however, it would be too early to state that the field of organic semiconductors 
has witnessed the sought-after technological revolution. 
 
Initial progress in the field was mostly due to synthetic efforts in the form 
of enhanced regularity and purity of currently used materials, the creation of new 
molecular species, etc. In this thesis we show that the advancement of physico-
chemical aspects – notably materials processing – and the realisation of increased 
order and control of the solid state structure is critical to realize the full intrinsic 
potential that organic semiconductors possess. We first investigated how the bulk 
charge-transport properties of the liquid-crystalline semiconductor poly(2,5-bis 
(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophenes) (pBTTT-C12) can be enhanced by 
annealing in the mesophase. To this end, temperature treatment of a period of hours 
was necessary to realize good bulk charge transport in the out-of-plane directions. 
This behaviour is in strong contrast to in-plane charge transport as measured in 
thin-film field-effect structures, for which it was shown that annealing times of 10 
min and less are often sufficient to enhance device performance. Our observation 
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may aid in future to optimize the use of pBTTT polymers in electronic devices, in 
which good bulk charge transport is required, such as OPVs. 
 
In the second part of thesis, we explored ink-jet printing of pBTTT-C12, in 
order to realize precise deposition of this material into pre-defined structures. In 
organic electronic applications this can, amongst other things, enable deposition 
of different semiconductors or reduction of the unwanted conduction pathways 
that often result in undesirable parasitic ‘cross-talk’, for instance, between pixels 
in display products. We demonstrate the integration of ink-jet printed transistors 
into unipolar digital logic gates that display the highest signal gain reported for 
unipolar-based logic gates. 
 
Finally, recognizing that a broad range of conjugated organic species fall 
in the category of “plastic crystals”, we explored the option to process this class of 
materials in the solid state. We find that solid-state compression moulding indeed 
can effectively be applied to a wide spectrum of organic small molecular and 
polymeric semiconductors without affecting adversely the intrinsic favourable 
electronic characteristics of these materials. To the contrary, we often observe 
significantly enhanced [bulk] charge transport and essentially identical field-effect 
transistor performance when compared with solution- or melt-processed 
equivalents. We thus illustrate that fabrication of functional organic structures 
does not necessitate the use of solution processing methods, which often require 
removal of 99 wt% or more of solvent, or precursor side-products, nor application 
of cumbersome vapour deposition technologies.  
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Summarizing, the expanding variety of processing schemes that also allow 
organic semiconductors to be deposited into functional architectures offers new 
exciting opportunities in the area of plastic electronics device technologies. In this 
thesis we explored the potential of ink-jet printing and annealing of liquid 
crystalline polymers to produce high mobility structures both in the in-plane and 
out-plane directions. In addition, this thesis illustrates the potential of solid-state 
processing methods. A multitude of scientific and technical applications readily 
can be envisioned for all the processing schemes described in this thesis. The final 
chapter of the present work (chapter 5) focuses on three particular possible 
applications of them in the field of (organic) opto-electronic device technology. 
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Truth is sought for its own sake ... Finding the truth is difficult, and the 
road to it is rough. For the truths are plunged in obscurity. ... God, however, has 
not preserved the scientist from error and has not safeguarded science from 
shortcomings and faults. If this had been the case, scientists would not have 
disagreed upon any point of science.* 
 
Al-Hasan ibn Al-Haytham (Alhazen) (born 965 in Iraq - died 1039 in Egypt)  
 
*Shmuel Sambursky, Physical Thought from the Presocratics to the Quantum Physicists, Pica Press, page 139, (1974). 
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Chapter 1 
 
 
Introduction 
 
 
1.1. Plastic electronics 
During the last few decades, the field of organic electronics has attracted 
significant attention from researchers working in academia as well as industry 
because certain organic materials have emerged as potential candidates to replace 
existing inorganic semiconductors, particularly in low-end electronic products, for 
example, organic displays1-3 and radio-frequency identification tags (RFIDs).4-7 
Indeed, Polymer Vision, a spin-out company from Philips (Eindhoven, The 
Netherlands), presented rollable display proto-types with individual pixels 
driven by organic field-effect transistors (OFETs) based on solution-processed 
small organic molecules (Figure 1a,b).8,9 The main advantages of organic 
materials are that they are potentially inexpensive, mechanical flexible, and can be 
deposited at low temperatures thus promising straight-forward up-scalability to 
roll-to-roll manufacturing. In contrast, inorganic materials are relatively expensive 
to process, difficult to functionalize and normally allow low through-put 
methodologies. 
   
The majority of the organic materials used in these applications– small 
molecules and conjugated polymers are in general solution processable, 
although, they can rapidly degrade if exposed to air and light. However, there are 
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Figure 1. (a) Active-matrix display driven by solution-processed pentacene transistors. (b) 
Multipixel display driven by 4,096 thin-film transistors based on solution-processed 
poly(thienylene vinylene) (adopted from Ref.  8 and 9). 
 
possibilities to realise more efficient optical and electronic devices with better 
performance and greater stability in ambient conditions, for instance, by tailoring 
the molecular structure of these organic semiconductors to adjust the ionisation 
potential and improve molecular packing. Therefore, if the existing advancement 
within the field of organic electronics continues to evolve at current pace, it may 
indeed revolutionize the future of electronic products leading to truly flexible and 
large-area devices, and possibly replace the inorganic-based industry in some 
areas due to the significantly lower cost associated with organic products.  
 
1.1.1. Background 
The field of plastic electronics started in 1970’s with the discovery by 
Shirakawa et al.,10 where they demonstrated the first ever results showing polymers 
can have conducting-like properties (Figure 2).10-15 This work was followed by 
detailed fundamental studies of various charge transport phenomena in a range of  
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Figure 2. Comparative electrical properties of conjugated polymers and other materials 
(reproduced from Ref. 11). 
 
organic semiconductors. However, the first organic light-emitting diode (OLED) 
device comprised of organic material was realised only in 1987 when Tang and 
van Slyke made a breakthrough by demonstrating an OLED based on two 
molecules, tris-(8-hydroxyquinoline) aluminum (Alq3) and an aromatic diamine.16  
 
During the same period, Koezuka et al. for the first time demonstrated an 
organic field-effect transistor device,17 where the organic layer (polythiophene) 
was deposited by electrochemical polymerization. Another group led by Friend et 
al., on the other hand, presented their findings on polyacetylene-based Schottky 
diodes and organic field-effect transistors where the active layer was processed 
and deposited from solution using Durham et al. precursor route.18 
 
In 1995 a research group from Philips published the world’s first results on 
organic integrated circuits, which were already of a reasonable electronic 
performance.19 The organic field-effect mobility µFET was in the range of 10-2 
cm2 V-1 s-1 facilitating the fabrication of logic gates with sufficient voltage 
amplification. These findings further supported the concept of using organic 
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semiconductors as an alternative to existing inorganic materials, especially when 
aimed at low-end electronic applications. 
 
1.2. Organic semiconductors  
Organic semiconductors can be divided into two main categories; small 
molecular species (small molecules and oligomers) and macromolecular species 
(polymers). This classification is solely based on the molecular size of the 
material which can have influence, amongst other things, its crystal packing and 
molecular ordering.  
 
1.2.1. Small molecules   
The term “small molecule” is generally referred to compounds of well-
defined low molecular weight. Examples are organic semiconductors such as 
polycycles based on acene homologues, i.e. pentacene, tetracene and perylene 
derivatives. In addition to small molecules and conjugated polymers which were 
employed in the early studies mentioned above, oligomers such as oligothiophenes 
have also shown the potential to be used as active components in practical 
electronic devices. Oligothiophene oligomers have for instance been reported to 
show promising FET characteristics.20,21  
 
Initially many unsubstituted small molecules were poorly soluble in 
organic solvents and thus were deposited via thermal evaporation involving high-
vacuum and high-temperature steps. However, as mentioned earlier, alterations in 
the molecular design have led to the synthesis of organic small molecules 
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displaying excellent room temperature solubility, such as the pentacene derivative 
6,13-bis(tri-isopropylsilylethynyl) (TIPS) pentacene.22-24 
  
1.2.2. Polymers  
Polymers are comprised of repeating monomer units that are covalently 
bound to form long-chain structures (macromolecules). They differentiate 
themselves from their small molecular equivalents discussed above only by their 
length, thus providing interesting characteristics, such as mechanical flexibility 
and toughness, as well as desirable processing properties, for instance, higher 
melt- and solution- viscosities depending on the molecular weight of the 
macromolecule. Initially, unsubstituted conjugated polymers were usually 
insoluble,25 therefore precursor routes were advanced26-28 or side-chains 
introduced,29,30 which resulted in soluble macromolecular compounds. Nowadays, 
the latter pathway is the most preferred method to impart good solubility to 
conjugated polymers. 
 
The most common polymer semiconductors are based on conjugated 
macromolecular structures, such as poly(3-hexylthiophene) (P3HT) (see Figure 
3), poly(thienylene vinylene) (PTV), poly(p-phenylene vinylene) (PPV) and 
polyfluorenes, such as poly(9,9-dioctylfluorene) (F8), poly(9,9’-di-octyl-fluorene-
co-benzothiadiazole) (F8BT) and (9,9’-di-octly-fluorene-co-N-(4-butyl-phenyl)-
diphenylamine) (TFB).31,32 More recently, liquid-crystalline polymers, such as 
poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT) derivatives 
(Figure 4) have been introduced which display field-effect mobilities of up to 
1.0 cm2 V-1 s-1.33-35 
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Figure 3. Chemical structure of regio-regular poly(3-alkylthiophenes) P3ATs. An example of the 
head-to-tail regio-chemical isomer (R = alkyl group) is shown. 
 
1.2.2.1. Poly(3-alkylthiophene) 
Two routes were first reported for the synthesis of unsubstituted 
polythiophenes (PT); namely the Yamamoto25 and the Lin and Dudek36 route. 
This encouraged other groups to further examine such polymers, leading to 
solution-processable polythiophenes. In 1985 Elsenbaumer et al. reported, for 
instance, the synthesis of solution processable polythiophene derivatives via the 
incorporation of sufficiently long alkyl chains into the polythiophene moieties.29,37 
Subsequently, regio-regular head-to-tail poly(3-alkylthiophenes) (rr-P3ATs) were 
reported by McCullough and Lowe.30  
 
          The polymerisation of the 3-alkylthiophene monomer can afford three 
regio-isomers depending on the arrangement of the alkyl side chains, head-to-
head, tail-to-tail or head-to-tail. Regioregularity is defined as the % of HT coupling 
in the polymer backbone. Control of the degree of regio-regularity in P3HT 
significantly influences the solid-state microstructure and hence affects the 
electronic properties of such polymer structures. Sirringhaus et al. have 
demonstrated, for example, that higher percentages of regio-regularity in P3HT 
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Figure 4. Chemical structure of poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) pBTTT 
(R = alkyl group). 
 
resulted in an enhanced semiconducting performance with field-effect mobilities 
increasing by two orders of magnitude.38 This was mainly due to the improved 
structural arrangement of the rr-macromolecules upon deposition from solution, 
forming lamellae-like sheets with their side chains orientated parallel to the 
substrate plane. Later results by Salleo et al. showed faster charge transport can be 
achieved when there is small misorientation between neighbouring grains with 
respect to the polymer chain axis.39 Furthermore, depending on the molecular 
weight, P3HT may also possess other advantageous properties, such as high 
viscosity and good mechanical properties, and thus has often been employed as a 
reference material for bench-marking other compounds. However, just like many 
other organic semiconductors, P3HT experiences degradation in ambient 
conditions due to the relatively low ionization potential (IP), where IP refers to 
the energy required to remove or free an electron from the ground state, also 
known as highest occupied molecular orbital (HOMO), to the outermost level of 
the molecule i.e. the vacuum level (Evac).  
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Figure 5. (a) Schematic of the packing structure of layered alkylated polymers where the 
side chains cause lamellar stacking whilst the planar backbones π-stack. The side chains 
might be layered end-to-end (b) or interdigitated (c) depending on their attachment density 
along the backbone and whether they are linear or branched (reproduced from Ref. 41). 
 
1.2.2.2. Poly(2,5-bis(3-alkylthiophen-2-yl) thieno[3,2-b]thiophene)s  
The relatively poor stability of P3HT under ambient conditions reduces the 
overall reliability and hence long-term performance of devices fabricated with this 
material. Therefore, chemists have developed polymers with much higher ionization 
potentials (IP). For instance, McCulloch et al. have advanced new liquid-crystalline 
thienothiophene derivatives (Figure 4) that have higher ionization potentials in 
comparison to P3HT.33,40,41 In addition, liquid-crystalline materials can 
simultaneously exhibit properties of a liquid (flow) as well as a solid crystal, thus 
annealing these polymers in the “mesophase” allows to manipulate their 
molecular ordering. For instance, a lamellae-like arrangement has been observed  
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Figure 6. σ- and π-bonds in ethene C2H4, as an example for the simplest conjugated π-electron 
system (reproduced from Ref. 45). 
 
for pBTTT polymers (Figure 5a,b) after annealing,42-44 with their side chains 
interdigitating45 (see Figure 5c).42 The side chains thereby do not only contribute 
to the solubility of the pBTTT polymer but also promote larger size crystalline 
domains to form.33,46 
 
1.3. Charge transport in organic semiconductors 
Organic semiconducting molecules are comprised of sp2 hybridized carbon 
atoms. The hybridization of 2s, 2px and 2py orbitals results in the formation of 
three hybrid orbitals that adopt a trigonal planar geometry and will be involved in 
σ-bonds, while the 2pz orbitals, which are perpendicular to the plane of the 
hybrid orbitals, will form π-bonds (see Figure 6).47 Therefore two neighbouring sp2 
hybridized carbon atoms will develop a double bond: a σ-bond through the head-
to-head overlap of the hybrid orbital and the π-bond from the overlap of the 
unhybridized 2pz orbitals. The alternation in a molecule of single and double 
bonds is known as conjugation.  
 20 
              a 
 
               b 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. (a) The energy scheme of ethene C2H4 (reproduced from Ref. 48). (b) General 
description of energy levels of π-conjugated semiconducting materials.  
 
The semiconducting properties of conjugated small molecules and 
polymers result therefore from the π-orbital delocalization along their backbone. 
The molecular overlap of π-orbitals gives rise to energy bands known as π-
bonding and π*-antibonding (Figure 7a),48 which are known as the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), 
respectively (Figure 7b). The band gap energy Eg between HOMO and LUMO, 
the activation energy Ea and the ionization potential IP influence the optical and 
electronic properties of organic semiconductors. Thus, molecular tailoring of the 
HOMO and LUMO with respect to the vacuum level is critical when considering 
the synthesis of new materials of high performance and good ambient stability.  
Ea 
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            a 
 
           b 
 
Figure 8. (a) General time-of-flight set up. (b) Typical transient photocurrent, left panel: non-
dispersive, and right panel: dispersive (reproduced from Ref. 49). 
 
Finally it is important to note that, the fundamental mechanism of charge 
transport in organic semiconductors is dominated by intermolecular transport where 
the charge carriers “hop” between the neighbouring molecules. Therefore 
inducing structural order and chain packing is often essential for enhancing their 
electronic performance. Intermolecular charge transport can in addition be 
improved by maintaining the planarity of the polymer backbone (π-stacking) such 
that lamella-like sheets are formed as observed in P3HT and pBTTTs.  
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1.3.1. Assessment of electronic properties in organic structures 
 Organic semiconductors are frequently employed as active materials in a 
variety of electronic devices including organic field-effect transistors, organic light-
emitting diodes and organic photovoltaic cells. It is therefore important to 
characterize the electronic properties of these materials for instance, by time-of-flight 
(TOF) photoconductivity measurements49 or using a field-effect transistor 
configuration.50 
 
1.3.1.1. Time-of-flight photoconductivity 
 The TOF technique (see Figure 8a)51 is applied to probe charge transport of 
organic semiconductors in the bulk. With a pulsed laser, charge carriers are excited 
at the electrode/semiconductor interface which then drift across the semiconductor 
layer from one electrode to the other when an electric field is applied. The time that 
it takes these charge carriers to arrive at the counter-electrode is defined as the 
arrival time (transient time ttr). This transient time can be identified in dispersive 
systems by drawing two lines as shown in Figure 8b.49 Consequently the time-of-
flight mobility of charge carriers µTOF can be calculated from ttr as follows: 
 
µTOF = d2/V·ttr        (1.1) 
 
Where d is the sample thickness and V the applied voltage. 
 
1.3.1.2. Organic field-effect transistors 
 In 1947 Bardeen, Brattain and Shockley at Bell Laboratories demonstrated 
the first point-contact bipolar transistor that showed amplification.52-54  As a result of  
 23 
            a              b 
 
 
            c              d 
 
 
 
Figure 9. Different geometries of organic field-effect transistors. Source and drain electrodes 
(S,D), organic semiconductor, dielectric and gate electrode are indicated. The transport takes place 
at the interface between semiconductor layer and gate insulator layer. Bottom-gate geometry; (a) 
top-contact, (b) bottom-contact. Top-gate geometry; (c) bottom-contact, (d) top-contact. 
 
this discovery they were awarded the Nobel Prize in Physics in 1956. The first 
metal-oxide semiconductor field-effect transistor (MOS-FET) was introduced by 
Khang and Attala in 1960 using silicon dioxide (SiO2) as gate insulator and silicon 
(Si) as semiconductor.55 Organic transistors are also based on a field-effect 
configuration. They are comprised of an insulating layer, semiconducting layer as 
well as three electrodes: the source (S), the drain (D) and the gate electrode, the 
latter of which is isolated by the insulator (dielectric) from the two other electrodes 
(see Figure 9a,d). The gate dielectric acts as a capacitor, as a consequence of which 
the charge carrier density is dependent on the applied VG at the gate electrode. 
Indeed, when applying a negative gate voltage, the gate dielectric is polarized, 
inducing positive charges at the interface between the semiconducting and 
insulating layer (more charge carriers are accumulated at higher VG). The 
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accumulated charges can then be driven and collected by applying a drain voltage 
(VD) across the source/drain channel. Organic semiconductors that have positive 
charges (holes) as the dominant charge carriers are known as p-type materials. On 
the other hand, when applying a positive gate voltage, negative charges are induced 
at the semiconductor/dielectric interface. If negative charges represent the dominant 
charge carriers in a material, it is referred to as n-type semiconductor.  
 
The initial theory developed for characterization of MOSFET has been 
widely used in the measurements and modelling of OFETs.47,56-61 For instance, in 
OFETs there are two distinct driving regions. In the linear regime, where VD < VG – 
VT (gate voltage – threshold voltage), the current between the source and drain 
depends linearly on the applied gate voltage:     
 
ID = (W/L) μ·Ci (VG − VT) ·VD    (1.2) 
 
When the VD > VG – VT the current is no longer linearly dependent. This so-called 
saturation regime is represented by equation 1.3:  
 
ID = (W/2L) μ·Ci (VG − VT)2    (1.3) 
 
Equations 1.2 and 1.3 can be used to estimate the field-effect mobilities of organic 
semiconductors. The determination of such device mobilities is important not 
only to compare various materials with each other, but also to estimate the 
switching speed in more integrated electronic structures. In addition to the 
mobility, other important device parameters are the on/off ratio and the sub-
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threshold slope. The former is associated with the differences in current between 
the off-state (non-conducting) and the on-state (conducting) of the electronic 
devices, while the latter dictates how fast the device can switch from the off-state 
to the on-state. 
 
1.4. Device fabrication 
 As earlier mentioned, organic semiconductors have a major advantage 
over their inorganic counterparts due to the variety of processing methods that can 
be used to fabricate active devices. Most interesting so far have been solution-
based processing methods which promise to be easily up-scalable to fast and 
inexpensive roll-to-roll manufacturing. Indeed, in addition to the common batch 
scale processing such as solution-casting and spin-coating, recently, there has 
been significant progress in the development and use of fast and up-scalable 
printing and coating methods, such as gravure, flexography, screen, slot-die, off-
set, lamination and doctor blading methodologies.62-64 Table 1 lists selected 
methods and describes them in terms of their characteristics, main features and 
applications.    
 
1.4.1. Inkjet printing 
 Inkjet printing of organic semiconductors has gained considerable 
attention due to its associated advantages in comparison to other existing printing 
methods described in Table 1.62-68 This is due to the fact that ink-jetting is defined 
as a non-contact patterning process where only small size droplets (pico-liters) are 
deposited onto a given substrate. The substrate can be rigid such as silicon or glass 
but also flexible like plastic films. Patterning is enabled by descending the organic 
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Figures 10. Schematic of the ink-jet printing process using a data pulse train to generate droplets 
on demand via a pressure transducer (a), or employing a system where droplets are generated 
continuously and the pattern is created by deflecting the unwanted droplets away from the 
substrate (b) (reproduced from Ref. 63). Photographs of the laboratory ink-jet printer (c) and 
printing cartridges (d) used in this thesis.  
 
solution drop by drop onto substrate(s) as preferred. Indeed, this printing method 
is very similar to that employed in commercially available printers used in offices 
and households today, where digital data is transferred onto paper or other flexible 
substrates. 
 
There are two main types of inkjet printing; continuous and drop-on-
demand (impulse) jetting. In continuous jetting, the ink (i.e. a solution containing the 
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organic semiconductor and potentially other additives such as wetting agents, 
high-molecular weight polymers to adjust the viscosity and the like) is ejected 
through a nozzle by means of pressure (thermal) within the reservoir, which then 
generates a continuous stream of ink (see Figure 10a). The excess drops are 
deflected into a tray for re-circulation. In drop-on-demand or impulse jetting, ink 
drops are created only when it is required, which can minimise material usage. 
The release of the droplets is thereby achieved via a piezoelectric transducer that 
regulates a pressure in the ink reservoir as shown in Figure 10b,d. 
 
One key driving force behind the use of inkjet printing for the 
manufacturing of organic electronic devices was the work by Sirringhaus et al., 
who demonstrated the inkjet printing of the source/drain electrodes of all-polymer 
field-effect transistor (FET) circuits,69 which illustrated that inkjet printing can be 
used as an alternative method to other expensive deposition techniques. Inkjet 
printing of the organic semiconductor as active layer in OFETs was later 
demonstrated by Paul et al., who realised a device performance with a mobility of 
up to 0.1 cm2 V-1 s-1 using poly(3,3-dialkylquaterthiophene) (PQT). More 
interestingly, the device-to-device cross-talk was significantly reduced because of 
the patterning of the active layer.70 Since then, inkjet printing has found use in 
numerous organic electronics applications ranging from active-matrix displays, 
organic light-emitting diodes and more recently organic photovoltaics.71-75 
Nonetheless, despite its various advantages over other printing and coating 
techniques, inkjet-printing faces other complexities; for instance, this process 
permits working only in a relatively small solution-viscosity window, it also 
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requires tedious control of droplet size and a careful adjustment of the surface 
energy of the substrate. 
 
1.5. Objective and scope of thesis 
In this thesis, we illustrate that optimizing the structural order and 
molecular arrangement is critical to realise good electronic performance in 
organic semiconductors. To this end, we focus first on the liquid-crystalline 
thienothiophene polymer pBTTT as a model material. The bulk charge-transport 
properties of this semiconductor are investigated and the influence of thermal 
annealing in the mesophase on the electronic characteristics is studied. The effects 
of temperature as well as annealing times are assessed to obtain relevant 
structure/property intercorrelations. 
 
We also investigate the solubility of pBTTT polymers in various organic 
solvents using differential scanning calorimetry and visual analysis to select 
suitable formulations for the use in inkjet printing methods. The latter have the 
advantage to allow patterning of the active material into desired geometries and 
size, thus permitting realization of structured discrete devices e.g. for use in 
unipolar inverter structures. These represent the backbone of complementary 
circuits, indeed a much sought-after electronic component for the manufacturing 
of large-scale integrated circuits.  
 
In Chapter 4, this thesis explores the option to process organic 
semiconductors in the solid state. This fabrication method does not necessitate the 
use of solution processing methods, which often require removal of 99 wt% or 
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more of solvent, or precursor side-products, nor application of cumbersome vapor 
deposition technologies. We investigate how solid-state compression molding can 
be applied to organic small molecular and polymeric semiconductors, and study 
the influence of processing conditions on the intrinsic electronic characteristics of 
these materials. To this end, we probe the [bulk] charge transport of such 
structures and compare these results with their solution- or melt-processed 
equivalents. Furthermore, field-effect transistors are fabricated and characterized 
in order to demonstrate the wide-applicability of this approach.  
 
The outlook chapter of the present work (Chapter 5) focuses on three 
particular potential applications of such processing schemes in the field of 
(organic) opto-electronic device technology. 
 
Finally, in the appendix part I, we demonstrate that blending of α-
quaterthiophene 4T with high-density polyethylene HDPE under judicious chosen 
processing conditions. We investigate the influence of the insulator content on the 
electronic properties of the semiconducting species. In part II of the Appendix, we 
explore charge transport in the bulk of crystalline / crystalline, P3HT / HDPE 
systems by time-of-flight (TOF) photoconductivity measurements. We study 
different blend compositions and compare it to the bulk charge-transport property 
of neat P3HT.     
 
1.6. Author declaration 
It will become apparent to the reader that this thesis was a result of a 
multidisciplinary effort. The author’s contribution comprise of all issues related to 
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methods described in this thesis: Dr. Monisha Philips and Dr. Rory Wilson 
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Patterson (Merck Chemicals, Southampton) for help with the Dimatix ink-jet 
printer.   
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Chapter 2 
 
 
Structure control of liquid-crystalline polymer semiconductors based on 
poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT-C12) 
 
 
2.1. Introduction 
Polymeric semiconductors have been extensively studied due to their 
promising electronic and optical properties.1, 2 Liquid-crystalline polymers are a 
particularly interesting sub-class of semiconducting polymers, because of their 
ability to influence macro- and microscopic order by processing within the 
mesophase.1, 3-5 A recent class of liquid-crystalline polymers that has attracted 
widespread interest are poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b] thiophene)s, 
pBTTTs (Figure 1a, inset).6, 7 Charge-carrier mobilities exceeding 1 cm2 V-1 s-1 have 
been demonstrated for these polymers in field-effect transistor devices,8, 9 and 
blends of pBTTTs with  [6,6]-phenyl C61-butyric acid methyl ester PCBM have 
shown promising organic photovoltaic (OPV) performance.10, 11  
 
We demonstrate in this chapter how the bulk charge-transport properties of 
the organic semiconductor poly(2,5-bis(dodecylthiophen-2-yl)thieno[3,2-b] thiophene), 
pBTTT-C12, can be influenced by annealing in the mesophase, over a period of 
hours realising good bulk charge transport in the out-of-plane directions. This is 
contrary to in-plane charge transport measured in thin-film field-effect structures, 
for which it was shown that annealing times of 10 minutes and less are often 
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sufficient to enhance device performance.6 This improved bulk, out-of-plane 
charge transport can be attributed to increased order, as deduced from wide-angle 
X-ray diffraction, UV-vis absorption spectroscopy and a Novikov analysis of the 
time-of-flight (TOF) photoconductivity measurements data (correlated disorder 
model). 
 
2.2. Results and Discussions  
 
2.2.1. Thermal properties 
The thermal behaviour of as-cast films of pBTTT-C12, as determined by 
differential scanning calorimetry (DSC), is shown in Figure 1a. The first 
endotherm around 50 °C is only observed on the first heating cycle; and as 
previously reported by DeLongchamp and co-workers, we ascribe this to a 
metastable phase.12 Upon further heating, a second endotherm occurs around 
150 °C. Previous studies have demonstrated that this transition can be attributed 
to melting of the side chains to enter a smectic-like phase,12 and it has been 
shown that brief annealing within this smectic-like phase gives rise to well-
ordered domains upon cooling that exhibit high levels of order as evident from 
specular and grazing incidence X-ray diffraction, and excellent field-effect 
mobilites13, 14 (the transition at 230 °C has been ascribed to backbone melting15). 
It should be noted, though, that these previous studies have focused upon thin 
films of pBTTTs, on the order of 20-50 nm, which are representative of thin-film 
field-effect transistor (FET) devices. In this study we are interested in 
investigating the annealing effects on the bulk out-of-plane transport properties of 
a          b 
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c          d 
 
Figure 1. (a) Differential scanning calorimetry (DSC) first heating and cooling thermograms of 
as-cast poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene (pBTTT-C12) film. The inset 
shows the chemical structure of the pBTTT-C12 derivative utilized in this study. (b) Hole 
photocurrent transients across as-cast, 3.9 ± 0.7 μm thick films of pBTTT-C12 at 46 V bias, 
measured at the temperatures indicated (i.e., parametric in temperature). Poole-Frenkel plots of 
hole mobility, measured at the temperatures indicated, of (c) as-cast pBTTT-C12 (film thickness 
of 3.9 µm ± 0.4 μm), and (d) annealed architectures for (7 hrs/175 °C, film thickness of 4.7 ± 
0.4 μm). The data for annealed pBTTT-C12 was recorded in temperature steps of 25 °C. The 
negligible difference between mobility data obtained for annealed pBTTT-C12, measured at 100 oC 
and 175 oC (light grey diamond symbols and white circles, respectively) is reminiscent of the 
temperature independent mobilities displayed by liquid-crystalline systems within a given phase 
(see Ref. 16) and is consistent with the liquid-crystalline like behaviour expected at high 
temperatures. 
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pBTTT-C12, which are important in diode type devices such as solar cells. To this 
end, we focused on annealing pBTTT-C12 in the mesophase (i.e. at 175 °C), in order 
to be able to compare with the previous FET studies.14,15 
 
2.2.2. Bulk-charge transport 
Time-of-flight measurements are an excellent tool to gain understanding of 
bulk charge-transport phenomena. Figure 1b shows the photoconduction 
measurements of a few micrometer-thick pBTTT-C12 films as a function of 
temperature, from as-cast to 175 °C. We find that upon heating, as-cast pBTTT-C12 
display the expected increase in carrier mobility with temperature (Figure 1b), 
previously reported also for other liquid-crystalline polymer semiconductor 
systems.17 We note that the relatively high dispersion evident in the photocurrents 
could be exacerbated by the thickness non-uniformity of our pBTTT-C12 films. The 
inflection point arrival time, however, is clearly distinguishable and allows us to 
generate mobility parameters with respect to electric field and temperature 
(Figure 1c).  
 
A comparison of as-cast and annealed (7 hrs / 175 °C) pBTTT-C12 films 
based on Poole-Frenkel plots is shown in Figure 1c,d. Interestingly, and in strong 
contrast to FET architectures,14,15 no significant increase in the room temperature 
bulk mobility is observed in the annealed pBTTT-C12 structures at high fields 
(E1/2 > 400 (V cm-1)1/2; Figure 1c,d). However, annealing in the mesophase had a 
significant effect on other bulk charge transport properties of pBTTT-C12, as 
deduced from the distinctly different field and temperature behaviour (Figure 1c,d). 
In fact, as-cast pBTTT-C12 displayed a significantly stronger temperature dependent 
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a      b 
 
c      d 
 
 
Figure 2. Wide-angle X-ray (WAXS) diffractograms of poly(2,5-bis(3-dodecylthiophen-2-
yl)thieno[3,2-b]thiophene (pBTTT-C12) films, recorded for as-cast films, then heated from 25 °C 
to 175 °C in temperature steps of 10 °C (WAXS) (a) and cooled (b). (c) and (d) Ultraviolet-visible 
(UV-vis) absorption spectra during heating and subsequent cooling to room temperature (25 °C 
steps).  
 
mobility than annealed architectures. A more pronounced field-dependence in 
mobility was also found in as-cast pBTTT-C12, which was more distinct at lower 
temperatures (T < 25 °C). 
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2.2.3. Microstructure  
The observations made in TOF may partly be explained by a 
microstructural analysis based on wide-angle X-ray diffraction and UV-vis 
absorption spectroscopy (Figure 2a,d). For instance, whilst as-cast pBTTT-C12 
structures were found to be of very low molecular order giving rise to only very 
weak X-ray diffractions (Figure 2a), WAXS data recorded during heating and 
cooling cycles (Figure 2a,b respectively) which took in total 6.5 hours each, reveal 
that upon heating, the wide-angle X-ray diffractions (WAXS) at 2θ ≈ 8 ° 
significantly intensified above 140 °C, in agreement with the observed DSC 
transition. Concomitantly, the half-width of the maxima narrowed and a slight 
shift to lower diffraction angles is observed (Figure 2a; see also Ref. 12). 
Subsequent cooling from 175 °C to room temperature led to a more crystalline 
structure compared to the as-cast films, which is expected to result in a lower 
field- and temperature dependence of the bulk charge-carrier mobility as observed 
in TOF (Figure 2b). Similarly, in UV-vis absorption spectroscopy, we find more 
distinct structures developing after heating pBTTT-C12 to 175 °C, indicating 
stronger molecular interactions in such heat-treated structures compared to as-cast 
architectures (Figure 2c,d).18 Moreover, WAXS data on films that underwent an 
identical heat treatment as those used for TOF experiments described above (i.e. 
annealing at 175 °C for 7 hours) illustrate the significant improvement in 
molecular order that is obtained in such annealed structures compared to as-cast 
pBTTT-C12 (Figure 3a). 
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                                        a 
 
                                        b 
 
                                        c 
 
 
Figure 3. (a) Wide-angle X-ray diffraction of poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-
b]thiophene (pBTTT-C12) films. (b) Room temperature time-of-flight photocurrent transients for 
pBTTT-C12, as-cast and subjected to a range of annealing times (2, 7 and 9 hrs; film thickness of 3.9 to 
5.1 µm; electric field ~ 1.6×105 V cm-1). (c) Corresponding Poole-Frenkel plots of room temperature 
hole mobility of as-cast pBTTT-C12 and thin-film structures that were subjected to different annealing 
times.  
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2.2.4. Electronic disorder 
Information on the electronic disorder was obtained by analysing the electric 
field and temperature dependence of the mobility using the correlated disorder 
model by Novikov and his co- workers.19 The corresponding transport parameters 
(energetic disorder, σ, positional disorder, Γ , prefactor mobility, μ0, and intersite 
distance, R) were extracted for both pBTTT-C12 films, as-cast and annealed (7 
hrs/175 °C).20, 21 The non-annealed pBTTT-C12 was found to be considerably 
disordered, both energetically (σ = 148 meV) and positionally ( Γ = 2.40), 
having a large intersite distance (R = 2.8 nm). In contrast, annealing resulted in 
significantly enhanced order (σ = 98 meV; Γ = 1.46) with a smaller intersite 
distance (R = 1.2 nm), which is consistent with the carriers being localised to a 
single monomer unit and with an efficient overlap between these units. This 
enhancement in positional order, Γ , is as expected from the observed 
microscopic changes occurring upon annealing, which DeLongchamp et al. 
attributed to an increase in the backbone order and π – π* stacking.12 The 
improvement in energetic order, σ, on the other hand, can be explained as a result 
of the reduction in the distribution of carrier delocalisation lengths (conjugation 
lengths) within the sample.17 We note, though, one internal inconsistency within 
the model, given the site distances obtained, namely, the larger prefactor mobility 
calculated for the unannealed sample (μ0 = 0.088 cm2 V-1 s-1) compared to the 
annealed case (μ0 = 0.011 cm2 V-1 s-1). This remains as yet unexplained. 
 
Unexpectedly and in contrast to the relatively short annealing times 
required for the thin-film field-effect architectures that were previously reported6 
(ca. 10 mins), we find that extended annealing times are necessary for realizing 
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good overall bulk, out-of-plane charge transport (Figure 3). As discussed above, 
annealing times up to 7 hours resulted in a strong qualitative improvement of 
charge transport in the form of reduced dispersion, consistent with the higher 
order deduced from the above Novikov analysis as well as with the increased 
crystallinity evident in WAXS (Figure 3a). Annealing times over 7 hours at 175 °C 
resulted, in addition, in significantly shorter TOF arrival times compared to as-
cast structures and, as a consequence, in higher room temperature hole 
mobilities (Figure 3b,c). Interestingly, the relative increase in mobility for bulk, 
out-of-plane charge transport upon annealing is comparable to that observed in 
FET devices – namely one order of magnitude.6 Obviously, the absolute 
mobility values differ greatly (∼10-5 cm2 V-1 s-1 in TOF, compared to 0.2−0.6 
cm2 V-1 s-1 in FETs), which is consistent with the highly ordered lamella 
structures reported for pBTTTs.6 
 
2.3. Conclusions 
Clearly, our results show that controlled heat treatment procedures can 
be exploited to enhance bulk charge transport in this interesting class of 
materials. This may aid, in future, to optimize the use of pBTTT polymers in 
electronic devices in which good bulk charge transport is required. Annealing 
times are longer compared to FETs, which may not be surprising given the need 
to induce order throughout few micron-thick pBTTT-C12 structures. As a 
consequence, a good compromise must be found between optimization in charge 
transport, molecular order, manufacturing throughput and material degradation 
due to long-time exposure to elevated temperatures.  
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2.4. Experimental 
 
2.4.1. Materials 
Poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene), (pBTTT-C12) 
(Mn = 27.9 kg mol-1; Mw = 51.4 kg mol-1), was generously supplied by Merck 
Chemicals. 1,2,4-trichlorobenzene (TCB) was purchased from Aldrich and used as 
received. 
 
2.4.2. Sample preparation 
Homogeneous thin films for time-of-flight (TOF) photoconduction 
experiments were prepared by first dissolving pBTTT-C12 (total polymer content: 0.5 
wt%) in 1,2,4-trichlorobenzene (TCB) at ~ 80 °C. The hot solutions were then cast 
onto indium tin oxide (ITO) coated substrates (gold thickness = 50 nm) kept at 50 °C 
until the solvent had evaporated. This resulted in films of 5 – 6 μm thickness 
(measured with a Veeco Dektak3 ST surface profile measuring system). 50 nm thin 
counter electrodes were then thermally evaporated. For wide-angle X-ray diffraction, 
thinner films of approximately 0.5 to 2 μm were prepared accordingly, using the same 
solution concentration. Finally, for temperature-dependent UV-vis absorption 
spectroscopy, films of thicknesses around ~100 nm were spin-coated from 0.5 wt% 
hot solution (~ 80 °C) at 500 rpm for 30 seconds followed by 2000 rpm for 30 
seconds. 
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2.4.3. Thermal analysis 
Differential scanning calorimetry (DSC) was conducted under nitrogen at 
a scan rate of 10 °C min-1 with a Mettler Toledo DSC822 instrument. The sample 
weight was ~ 5 mg.  
 
2.4.4. Wide-angle X-ray diffraction 
Standard transmission wide-angle X-ray diffraction was carried out with 
an X’Pert Pro - PAN analytical instrument using CuKα-radiation (λ = 1.5418 Å), 
equipped with an Anton Parr HTK16 furnace which was operated between 25 ºC 
and 175 ºC at a rate of 60 ºC per minute. Platinum heating strips with Pt/10 % 
RhPt thermocouple welded to the underside of the strip were utilised to give 
accurate temperature measurements. To this end, an Anton Parr TCU 2000 
temperature control unit to provide temperature control was used. 
 
2.4.5. UV-vis absorption spectroscopy 
A Perkin Elmer Lambda 900 spectrophotometer was employed equipped 
with a temperature-controlled demountable liquid flow cell (TFC-S25). All 
experiments were conducted under N2 atmosphere. 
 
2.4.6. Time-of-flight photoconductivity  
All measurements were carried out in a nitrogen atmosphere. The 6 ns, 
337 nm wavelength, pulsed output of an EG101 Lambda Physik gas laser 
provided the optical excitation to create electron-hole pairs within a penetration 
depth of ~ 100 nm of the top electrode in the case for neat pBTTT-C12, the 6 ns, 
532 nm wavelength output of a frequency doubled insert model Nd:YAG laser 
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provided the optical excitation, as the pBTTT-C12 displays an absorption peak 
close to this wavelength. All measurements were carried out under a DC bias from 
a low noise power supply. The laser pulse intensity was kept sufficiently low. As 
a consequence, the photogenerated charge was less than 10 % of the charge stored 
across the sample (C⋅V, where C is the sample capacitance and V the applied 
potential), avoiding space-charge effects that would result in a non-uniform 
electric field. The transient current was measured as a voltage drop across a range 
of load resistors (typically 47 Ω for fast signals and 2.31 kΩ for slow signals) at 
the input of a gain 11 amplifier whose output was connected to an Agilent 
Infinium digitizing oscilloscope. Signal averaging (typically over 128 pulses) and 
background subtraction were performed in order to minimize both random and 
coherent radio frequency noise. Charge carrier mobility µTOF was calculated using 
the expression: 
 
    µTOF = d2/V⋅ttr     (2.1) 
 
where d is the sample thickness and ttr the arrival time obtained from a double 
logarithmic plot of the photocurrent transient, and V the applied voltage. The 
electronic response time of the circuit, τ, was kept well below the time base of the 
measurement. 
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Chapter 3 
 
 
 
Ink-jet printing of pBTTT 
 
 
3.1. Introduction  
The simplification in manufacturing of organic semiconductor devices is a 
critically required step towards the realization of flexible, portable electronic 
applications.1-6 One prerequisite thereby is to gain the ability to fabricate 
fundamental microelectronic building blocks, such as thin-film transistors, at 
significantly lower cost than their prevalent silicon-based counterparts; which 
generally are produced via elaborate photolithographic and etching procedures, 
consisting of many sub-let processes, such as photo-resist coating, baking and 
alike.  
 
Promisingly, first demonstrations of printed organic electronics illustrate 
the potential of solution-based technologies to realize straight-forward patterning 
of critical field-effect transistor components.7-16 Thereby, the process of ink-jet 
printing allows precise deposition of relevant compounds into pre-defined 
structures and offers advantages when compared to other printing procedures as 
this methodology requires relatively undemanding waste fluid management 
strategies, and provides simple patterning options. Indeed, digital deposition 
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methods promise to reduce _ if not entirely eliminate _ the need for lithographic 
patterning steps. 
 
In this chapter, we focus our efforts on ink-jet printing the liquid-
crystalline semiconducting polymer, poly(2,5-bis(3-dodecylthiophen-2-yl) thieno 
[3,2-b]thiophene) (pBTTT-C12)17, 18 which has been demonstrated to display hole 
mobilities µFET of up to 1 cm2 V-1s-1 when deposited in an argon-purged 
atmosphere via spin-coating from hot solutions, followed by optimized annealing 
procedures. However, pBTTT polymers, which were molecularly tailored for 
optimizing charge transport and HOMO-LUMO levels, seem to suffer from a 
number of issues when it comes to ink-jet printing, including low room-
temperature solubility in common solvents and thus, the difficulty to formulate 
printable inks that comprise sufficiently small particles/agglomerates17, 19 when 
dispensed into the printing cartridge. In addition, entirely different drying 
phenomena may occur during solidification of the deposited liquid when 
compared to, for instance, spin-coating procedures, which can considerably affect 
the final solid-state microstructure.20 These issues might severely limit the utility 
of this interesting class of polymers. Therefore we set out to find suitable solvents 
that allow preparation of pBTTT-C12 formulations that fulfil key ink-jet criteria 
(solution viscosities η of approximately 2 to 20 mPa.s; particle diameters d < 2 µm, 
and surface tension γ of the droplets of 25 to 50 dynes cm-1. 21-25 
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3.2. Results and Discussions 
 
3.2.1. Phase behaviour 
 In a first set of experiments, the dissolution behaviour of pBTTT-C12 in a 
variety of solvents was investigated, including tetralin (THN), indan, 1,2,3,4-
tetramethylbenzene (TMB) and 1,2,4-trichlorobenzene (TCB). Differential 
scanning calorimetry (DSC) analysis revealed for most of these binary systems 
(0.5 wt% polymer content) endotherms around 70 °C and more (cf. Figure 1a; i: 
pBTTT-C12/THN, ii: pBTTT-C12/indan, iii: pBTTT-C12/TMB), with end-of-peak 
temperatures indicating full dissolution (highlighted in Figure 1a with grey 
arrows). Corresponding enthalpies ∆Hdiss (pBTTT-C12) were found to be very 
similar for all three binaries (respectively, 0.20 J g-1, 0.21 J g-1 and 0.27 J g-1; red 
shaded areas in Figure 1a). In strong contrast, for pBTTT-C12/TCB systems 
(thermogram iv in Figure 1a) we observed only a very pronounced, broad 
endotherm in the temperature range of 20 to 50 °C, which we attribute to the 
melting of TCB (∆Hm (TCB) = 35.80 J g-1 >> ∆Hdiss(TCB)) as we first cooled the 
mixtures to below 0 °C resulting in the solidification of TCB.26 The dissolution of 
pBTTT-C12 in TCB was, however, clearly visible by eye, which resulted in clear, 
transparent solutions of a dark red colour in the temperature range of 50 – 55 °C for 
0.5 wt% pBTTT-C12/TCB binaries. Upon further heating, these solutions turned 
orange at temperatures above 80 °C; a solvatochromic transition that has previously 
been reported for other thiophene-based polymers.17, 27 (Note, in our DSC analysis 
presented in Figure 1a, the dissolution is not discernable as heating from 0 °C first 
resulted in melting of the TCB, as mentioned above, with the dissolution of pBTTT-
C12 apparently occurring still within the melting range of TCB). 
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   a         b 
 
   c         d 
 
 
Figure 1. (a) Differential scanning calorimetry (DSC) second heating thermograms of poly(2,5-
bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene (pBTTT-C12) (R=C12H25 ; see inset) in selected 
organic solvents: i) tetralin (THN), ii) indan, iii) 1,2,3,4-tetramethyl-benzene (TMB) and iv) 1,2,4-
trichlorobenzene (TCB) (polymer content = 0.5 wt%). pBTTT-C12 fully dissolved at temperatures 
indicated with arrows. (b) Typical DSC second cooling thermograms for pBTTT-C12/TCB binaries 
of a polymer content of, respectively 5, 10, 20 and 40 wt%. On-set of solidification of pBTTT-C12 
is indicated with arrows (deduced from the onset of the relevant exotherms). (c) Photographs of 
dilute pBTTT-C12/TCB solutions, recorded during cooling from 80 ºC to room temperature. (d) 
Corresponding crystallization temperature/composition diagram of the pBTTT-C12/TCB binary, as 
deduced from DSC analysis (■) and visual inspection for more dilute systems (□). 
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Crystallization temperatures were deduced from the onset of relevant 
exotherms (also indicated with arrows, Figure 1b). To this end, we focused on 
pBTTT-C12/TCB binaries, as very recently, complementary circuits have been 
demonstrated using this system.28 Only for highly concentrated systems (polymer 
content ≥ 5 wt%) clearly discernable exotherms were found. Thus, for more dilute 
systems, we identified solidification temperatures by visual inspections of such 
pBTTT-C12/TCB solutions during cooling from 80 °C to room temperature (Figure 
1c). Reassuringly, no conspicuous aggregation was observed by eye for all binaries 
of polymer content <5 wt%, with the solutions staying clear and transparent (Figure 
1c). In fact, more dilute solutions (< 0.1 wt%) remained orange even when cooling 
to room temperature, whilst 0.5 and 1.0 wt% solutions adopted a dark red colour.  
 
The differential thermal calorimetry analysis (filled symbols) and the visual 
observations during cooling of pBTTT-C12/TCB reported above (open symbols) 
allowed us, therefore, to deduce the temperature/composition cooling diagram over 
a broad range of concentrations of the pBTTT-C12/TCB binary (Figure 1d). Clearly, 
pBTTT-C12 does not precipitate into visibly large particles even at temperatures 
below 50 °C for TCB solutions comprising 10 wt% polymer content and less, which 
promises, for instance, simple and straight-forward transfer of such pBTTT-
C12/TCB solution into printing cartridges.  
 
3.2.2. pBTTT-C12 ink properties 
The latter observations were quantified by light-scattering experiments. 
These revealed that only particles of dimensions of less than 2 µm formed in 
dilute pBTTT-C12/TCB solutions when cooling from 80 °C to room temperature 
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                           a 
 
                           b 
 
Figure 2. (a) Particle size analysis of 0.5 wt% poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-
b]thiophene (pBTTT-C12) in 1,2,4-trichlorobenzene (TCB), during cooling from 80 ºC to room 
temperature, measured at the temperatures indicated. (b) Viscosity of such solutions as a function 
of temperature. 
 
(cpBTTT-C12 = 0.5 wt%; Figure 2a), thus, fulfilling general ink-jet requirements. In 
addition, the room temperature viscosities of 3 to 5 mPa⋅s for 0.5 wt% pBTTT-
C12/TCB solutions were found to be as desired for the ink-jet printing process 
(Figure 2b). 
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Figure 3. (a) and (b) Transfer and output characteristics of poly(2,5-bis(3-dodecylthiophen-2-
yl)thieno[3,2-b]thiophene pBTTT-C12 thin-film field-effect transistors, inkjet-printed from 1,2,4-
trichlorobenzene TCB (0.5 wt% pBTTT-C12), and for comparison (c) and (d) spin-coated from hot 
solutions (also 0.5 wt%, in TCB, channel length L= 10 µm; channel width W = 10 µm). 
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Figure 4. (a) Transfer characteristics of a voltage inverter consisting of two integrated ink-jet 
printed poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene (pBTTT-C12) field-effect 
transistors (FETs). The channel length (L) and width (W) used were L = 5 µm and W = 2 mm for 
transistor 1 (i.e. the load transistor) and L = 20 µm and W = 10 mm for transistor 2 (i.e. the driving 
transistor). Inset shows the inverter circuitry used. (b) Signal gain as a function of VIN for the 
inverter measured at VSUP = -40 V. 
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3.2.3. Discrete field-effect transistor devices 
We set out to inkjet-print pBTTT-C12 devices, focusing initially on 
discrete devices. To this end, bottom-gate/bottom-contact pBTTT-C12 field-
effect transistors were ink-jet printed in light and air from 0.5 wt% TCB 
solutions onto photolithographically patterned transistor structures. In addition, 
control devices were fabricated in a nitrogen atmosphere by spin-coating onto 
identically treated substrates. Typical transfer and output characteristics for the 
inkjet printed FETs, measured in vacuum (10-4 mbar), are shown in (Figure 
3a). The channel current can be modulated (on/off current ratio) by more than 
6 orders of magnitude (Figure 3a). The operating characteristics show 
negligible hysteresis between forward and backward scans despite the fact that 
pBTTT-C12 was printed in light and air. Due to the patterned deposition of the 
semiconductor, the ink-jet printed devices displayed typically lower current 
leakage when compared to the spin-coated control FETs. Indeed, the gate-
leakage currents improved in the printed FETs by one to two orders of 
magnitude. 
  
Field-effect mobilities were deduced from the saturation regime (VD = -
40 V) and were found to be in the range of 0.01 to up to 0.1 cm2 V-1 s-1 for the 
printed structures. Possibly due to the fact the printing was conducted in light 
and air, these mobilities are somewhat lower than those calculated for the spin-
coated, reference devices fabricated in a protective N2 environment on 
substrates identical to those used for ink-jetting (0.05 to 0.2 cm2 V-1 s-1). 
Nonetheless, the performance of our ink-jet printed devices are sufficiently 
high as a first demonstration that this technology is suitable also for the 
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patterned deposition of rigid-rod-like, liquid-crystalline polymer 
semiconductors, such as pBTTTs.  
 
The larger mobility spread in ink-jetted polymer films indicates that the 
thin-film architectures at the interface to the dielectric were less homogeneous 
in the printed transistors. Evidently, the nature of the solvent, substrate 
temperature during printing, droplet size, drop spacing and the line width have 
to be controlled carefully in order to realize optimum film forming- and 
crystallization conditions for the respective polymer; which will be 
investigated in more detail in future. 
 
3.2.4. Unipolar inverters 
Integration of ink-jet printed discrete devices resulted in unipolar 
inverter circuits that exhibit high gain (i.e. >16) and negligible hysteresis 
(Figure 4). We note, though, that the operation over two quadrants and the low 
noise margins are problematic for practical application in electronic circuits. 
This behaviour is attributed to the large positive threshold voltage and the 
normally “on” nature of pBTTT transistors. This undesirable feature of our 
printed inverters can, though, be avoided by optimizing the passivation layer at 
the dielectric-semiconductor interface to adjust the threshold voltage of 
discrete FETs.29 
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Figure 5. (a) Photographs of dilute poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene 
pBTTT-C12/tetralin solutions, recorded during cooling from 80 ºC to room temperature. (b) Typical 
second cooling thermograms for pBTTT-C12/tetralin binaries of a polymer content of, respectively 5, 
10, 20 and 40 wt%. Onset of solidification of pBTTT-C12 is indicated with arrows (deduced from the 
onset of the relevant exotherms). (c) Corresponding crystallization temperature/composition diagram of 
the pBTTT-C12/tetralin binary, as deduced from DSC analysis (■) and visual inspection for more dilute 
systems (□). 
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3.3. Conclusions 
In summary, we have demonstrated that ink-jet printing is a suitable 
technique for the patterning of also rigid-rod-like liquid-crystalline semiconducting 
polymers. To this end, we used 1,2,4-trichlorobenzene as model solvent for 
pBTTT polymers, yet initial experiments promise that technologically more 
acceptable solvents, such as tetralin, may also be utilized for this purpose (cf. the 
promising solidification characteristics of pBTTT-C12 from tetralin solutions; 
Figure 5). Clearly, a combination of printing and coating techniques will, 
eventually, be required to pattern the range of materials used in more integrated 
structures, as well as to realize the various patterns and structures needed in such 
architectures. 
 
3.4. Experimental 
 
3.4.1 Materials 
Poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene), (pBTTT-C12) 
was generously supplied by Merck Chemicals (Mn = 27.9 kg mol-1 , Mw = 51.4 kg 
mol-1). Tetralin (THN), indan, 1,2,3,4-tetramethylbenzene (TMB) and 1,2,4-
trichlorobenzene (TCB) were purchased from Aldrich and used as received. 
 
3.4.2. Sample preparation  
Homogeneous pBTTT-C12 solutions were prepared by dissolving the 
polymer in the respective solvents at temperatures of 50 - 100 °C, depending on 
the solvent and concentrations utilized. For FET fabrication, hot TCB solutions 
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were then either spin-coated onto pre-patterned substrates that were kept at room 
temperature or inkjet-printed (drop spacing of 25 µm; see below).  
 
3.4.3. Thermal analysis 
Differential scanning calorimetry (DSC) was conducted under N2 at a scan 
rate of 10 °C min-1 with a Mettler Toledo DSC822 instrument. Medium pressure 
120 μl Mettler stainless steel crucibles sealed with Viton-O-rings were utilized for 
this purpose. The sample weight, excluding solvent, was ca. 0.5 - 1 mg. The 
dissolution temperatures reported refer to end-of-peak temperatures in the second 
heating DSC thermograms. Crystallization temperatures were deduced from the 
onset of relevant exotherms (second cooling thermograms). 
 
3.4.4. Particle size 
A Malvern instrument Zetasizer (Nano series, ZEN3600), covering a 
particle size range of 6 nm – 6 µm, was used for the particle size analysis of 
pBTTT-C12/TCB binaries. To this end, 0.5 wt% pBTTT-C12 solutions were 
prepared in the respective solvent by heating the binaries to above the dissolution 
temperature. 2 ml of these hot solutions were then transferred into glass cuvette 
cells with a PTFE stopper (10 mm path-length) to occupy about on quarter of the 
cell total space. Particle sizes were then recorded during cooling the hot solutions 
to room temperature. 
 
3.4.5. Rheology 
The viscosity of pBTTT-C12/TCB solutions was evaluated with a Thermal 
Analysis (TA) instrument ARES-G2 Rheometer with an incorporated temperature 
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system range (-40 to 180 ºC). A volume of 5 ml of hot solution (0.5 wt% pBTTT-
C12) was then dispensed between the top and bottom peltier plates, filling the 2 
mm gap. Measurements were carried out as a function of temperature (heating and 
cooling sweeps). 
 
3.5.5. Inkjet printing field-effect transistor devices 
A Dimatix Fujifilm DMP-2831, fitted with a vacuum plate, 16 nozzles, 
and integrated heated platen (temperature adjustability between 25 ºC and 60 ºC), 
was utilized for ink-jet printing pBTTT-C12 transistors and inverters. Hot pBTTT-
C12/TCB solutions (0.5 wt% polymer content) were first degassed with helium for 
20 mins, before re-heated and dispensed into the disposable printing cartridges 
(∼1 ml volume). Optimum drop spacing was found to be between 25 – 35 µm, 
which required a drive voltage of 14 to 20 V and a firing frequency of about 5 kHz.  
 
3.5.6. Transistor and Inverters Fabrication  
Bottom gate/bottom contact FETs were fabricated employing highly doped 
Si wafers as gate electrode, 200 nm of thermally grown SiO2 as gate insulator and 
photolithographically patterned gold (Au) source/drain electrodes employing 10 
nm indium tin oxide (ITO) as the adhesive layer. A monolayer of 
octadecyltrichlorosilane (OTS) was applied to passivate the SiO2 surface. Organic 
semiconductor solutions were prepared in 1,2,4-trichlorobenzene and spin-coated 
or patterned by ink-jet printing onto the substrates. Spin-coating was performed in 
nitrogen atmosphere. Ink-jet printing was performed in air using a Dimatrix DMP-
2831 keeping the substrates at a temperature of 100 °C. All samples were 
subsequently annealed at 160 oC for 1 hour in nitrogen atmosphere. Discrete 
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transistors and inverters were characterized in a probe station under vacuum (10-4 
mbar) using an Agilent Semiconductor Parameter Analyzer 4156C. Field-effect 
mobility was calculated in the saturation regime using the gradual channel 
approximation employing:30 
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Chapter 4 
 
 
Solid-State Processing of Organic Semiconductors 
 
 
4.1. Introduction  
The term "plastic crystals" is generally used to refer to crystalline solids 
that feature a remarkably high molecular mobility in certain solid states and, 
hence, typically are characterized by relatively small entropy of fusion, often 
accompanied by a comparatively high melting temperature.1-3 Classical examples 
of such materials are CBr4, C2Cl6, pentaerythritol, cyclohexane, camphor, etc. – 
generally species that originally were classified by Timmermans in the 1930’s as 
“globular”.1-3 More recently, selected organic salts that are attracting attention as 
solid-state conductors in applications such as lithium batteries also have been 
demonstrated to feature plastic crystalline phases.4-6 The high molecular mobility 
in such solids results in a high plasticity, similar to that observed in many metals.7 
This characteristic is not restricted to small molecular organic compounds, but is 
also observed in certain polymers. A major, commercially exploited case-in-point 
is that of poly(tetrafluoroethylene) (PTFE, better known as Teflon).8, 9 This 
uniquely hydrophobic polymer is typically of ultra-high molecular weight (Mw > 
5.1057 kg mol-1) and, as a consequence, is of ultra-high viscosity. PTFE is, 
therefore considered to be non-melt-processable, nor is it soluble in common 
solvents. However, this widely employed polymer is routinely processed in the 
solid state at temperatures of 200 °C below its melting point, often assisted by a 
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lubricant in a process known as paste extrusion.9 Similarly, it has been 
demonstrated that selected grades of ultra-high molecular weight polyethylene 
(UHMW PE) can be processed into useful shapes simply by compression molding 
below their melting temperature, for instance into mechanically coherent films, 
and transformed by tensile deformation – also in the solid state – into ultra-high 
strength fibers and tapes.10 
  
Recognizing that molecular mobility in the solid state allows for major 
rearrangement of the constituent molecules without losing their order – indeed, 
frequently enhancing it – and, thus, permits shaping these materials at 
temperatures well below their melting points without the need for solvents or to 
create a vapor phase, in this chapter, we embarked on a study to explore whether 
such solid-state processing concepts are applicable to organic semiconducting 
species. These materials currently are under scrutiny for a broad range of (opto-) 
electronic applications, including field-effect transistors (FETs), organic 
photovoltaic (OPV) devices and the like,11-13 which typically are fabricated from 
the vapor phase, dilute solutions or melt. These processes require either inefficient 
vacuum deposition techniques,14 derivatisation of the semiconducting species with 
solubilizing side chains, which can compromise their properties,15 or use of 
complex precursor routes.16-18 Processing such materials in their solid state should 
offer significantly simplified fabrication schemes that are compatible with large-
scale, roll-to-roll manufacturing methods of high yield, such as calendering, 
lamination and rolling. In addition, solid-state forming might be applicable to 
“intractable”, non-melt-processable and/or non-soluble materials as the example 
of PTFE illustrates. 
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4.2. Results and discussions 
 
4.2.1. Thin-film fabrication 
Solid-state processing of conjugated small molecular-, oligomeric- and 
polymeric compounds was conducted as schematically indicated in Figure 1a. 
Solid, powdered material was placed in a hot press, followed by compression 
molding well below the melting temperatures of the species, typically at 
pressures of approximately 10-30 kN cm-2, which is somewhat above the range 
reported by Michels to cause flow of the above mentioned classical plastic 
crystals.2, 3, 19  
 
4.2.2. Microstructure 
The simple solid-state processing procedure in most cases yielded 
highly ordered, mechanically coherent films with controlled thicknesses 
typically in the range of 20-200 µm, both for small molecules and polymers. 
The high degree of order is evidenced by the polarized reflected light optical 
micrographs of, for instance, solid-state processed poly(3-hexylthiophene) 
(P3HT) and α-sexithiophene (6T), that featured a distinct Maltese cross across 
the entire film (Figure 1 and 2)– which typically were of 2-5 cm in diameter –  
indicating a major radial molecular flow occurred in the compression molding 
procedure. This suggests that the solid-state processing method does not bear 
any resemblance to standard sintering procedures. 
 
The latter conclusion was supported by wide-angle X-ray diffraction 
(WAXD) (Figure 1b) conducted on solid-state pressed P3HT films. Indeed, the 
 78 
          a 
 
          b                 c 
 
 
Figure 1. (a) Schematic illustration of the solid-state compression molding process of organic 
semiconductors. (b) Polarized optical reflection micrograph and wide-angle X-ray diffraction of a 
solid-state molded poly(3-hexylthiophene), taken perpendicular to, and in the plane of the film. 
(c) Molecular arrangement of the P3HT macromolecules, as deduced from optical microscopy and 
wide-angle X-ray diffraction. 
 
diffraction patterns taken, respectively, through and parallel to the film’s plane 
revealed that in the solid-state processed films the macromolecules are highly 
ordered radially and with their side chains arranged perpendicularly to the surface 
of the films, as schematically depicted in Figure 1c. (Interestingly, this arrangement 
is orthogonal to the orientation found in so-called friction-transfer films20 of the 
same polymer21). 
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Figure 2. Optical properties of solid-state processed organic functional materials. Left panel: 
Optical reflection micrograph taken between crossed polarizers of a solid-state molded α-
sexithiophene (T6) film. Right panel (top): Image of a solid-state processed poly(3-
hexylthiophene), P3HT (Mw = 246 kg mol-1) structure, illustrating that flexible, tough films of 
good mechanical toughness can be produced. Right panel (bottom): Reflection of an aluminum 
ruler in ([6,6]-phenyl C61-butyric acid methyl ester) (PCBM) (left) and rubrene (right) films, 
illustrating their mirror-like characteristics. 
 
4.2.3. Mechanical properties 
Certain solid-state compression molded films displayed also a remarkable 
mechanical robustness and toughness even when produced hundreds of degrees 
below their melting points. For instance, free-standing flexible films were 
obtained with P3HT of a molecular weight of Mw = 246 kg mol-1 (Figure 2, right 
panel/top) that featured average values of the Young’s modulus, E, of 0.5 GPa, 
stress at break, σ, of 18 MPa and remarkably large elongation at break, ε, of 20 % 
(cf. stress/strain tests in Figure 3a). Such mechanical characteristics are in contrast 
with inorganics and small molecular-weight compounds that typically fail at an 
elongation well below 1 %. Therefore, this processing method clearly permits the 
production of truly flexible electronic components. 
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Figure 3. (a) Stress-strain (σ − ε ) curves of three solid-state processed poly(3-hexylthiophene),  
P3HT, tapes, recorded at room temperature. (b) Normal incidence reflectivity, R, measured with a 
confocal optical system calibrated using silicon wafers, of unsubstituted polythiophene (PT); for 
comparison, data for P3HT, silicon and glass are also shown (RSi and RGlass are modeled). 
 
4.2.4. Reflectivity 
A number of solid-state compression-molded films we prepared featured a 
mirror-like appearance (cf. the ([6,6]-phenyl C61-butyric acid methyl ester), 
[60]PCBM, and rubrene structures in Figure 2; right panel/bottom) and certain 
structures displayed a high degree of reflectivity. For example, the solid-state 
molded “intractable” polythiophene (PT) was found to exhibit a reflectivity, R, 
reaching > 35 % (determined at normal incidence with a confocal optical system; 
Figure 3b), which is comparable to the reflectivity of a silicon wafer. These high 
reflectivity values of PT span across the whole visible spectral range, and exceed 
by more than two fold values found for most organic compounds. For instance, 
the reflectivities of P3HT and C60 peak are only around 17 % (Figure 3b and 
4a,b). Evidently, the lack of side chains in PT seems to allow for a higher density 
of the active moieties compared to the substituted polymer, which resulted in an  
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Figure 4. (a) Normal incidence reflectivity for poly(3-hexylthiophene) and (b) fullerene C60 
and [6,6]-phenyl C61-butyric acid methyl ester, [60]PCBM. A comparison is given for 
measured (black lines) and modelled (grey lines) reflectivities. For the modelling, we have 
used the optical constants deduced for thin spin-coated films (Ref. 22).  
 
enhanced refractive index. In fact, the unsubstituted polythiophene displays a 
specific gravity, ρPT, = 1.52 g cm-3 higher than poly(3-hexylthiophene), ρP3HT, = 
1.17 g cm-3, which is in agreement with the theoretical densities calculated for 
these two polymers from the respective crystallographic lattice parameters.23-26 
 Interestingly, such compact packing also results in a relative increase in refractive 
index,27 which indeed is comparable to inorganic semiconductors. For instance, in 
case of PT, preliminary spectroscopic ellipsometry revealed refractive indeces of 
up to 2.8 (at 625 nm) which are in the range predicted by Yang and Jenekhe,28 for 
which we here present experimental confirmation. The solid-state processed 
films have a large surface roughness, resulting in scattering of the incident 
light. As a consequence the measured values might be slightly underestimated. 
Films with smoother surfaces may, therefore, exhibit larger reflectivities than 
those reported here. In addition, we like to note that this good match between 
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the reflectivities for spin-coated films and solid-state processed films indicates 
that, from an optical point of view, films fabricated by the two techniques 
exhibit comparable properties; i.e., solid-state processing does not have 
detrimental effects on the optical properties of semiconducting materials. 
Combined with the fact that the electric properties are also preserved, the good 
optical properties suggest that this protocol is potentially applicable for a broad 
range of optoelectronics applications.  In addition and without doubt, the above 
also demonstrates that solid-state processing offers a unique opportunity to 
fabricate functional thin films from compounds of so far elusive film-forming 
capabilities (e.g., when processed from solution or the melt).28  
 
4.2.5. Applicability of solid state processing 
In order to explore the applicability and potential limits of the solid-state 
processing technology, we investigated a large number of semiconducting organic 
species, including a wide variety of small-molecular compounds, oligomers and 
polymers currently investigated for applications in organic- and plastic 
electronics. Their chemical structures, melting, Tm, and processing, Tp, 
temperatures, as well as WAXD patterns taken perpendicular to, and in the plane 
of solid-state molded films of selected materials used in this study, are presented 
in Table 1. As we can conclude from many of the diffraction patterns – and in 
agreement with our above observations on P3HT and 6T – solid-state 
compression molding involved major radial flow of the materials, often resulting 
in high degrees of anisotropic order, which is remarkable considering that these 
materials were processed at temperatures far below their respective melting 
points. 
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Table 2.  Solid-state compression molding was found to be applicable also to some polymers of low 
– if any – crystallinity,  including poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene] 
(MEH-PPV; Mw = 350 kg mol-1), poly[(9,9-dioctylfluoronyl-2,7-diyl)-co-(4,4’-(N-(4-butylphenyl)) 
diphenylamine)] (TFB, Mw = 31 kg mol-1) and poly(bis(4-phenyl)2,3,4-trimethylphenyl)amine 
(PTAA; Mw = 17.5 kg mol-1). Chemical structures, processing, Tp, temperature, and WAXD patterns 
taken perpendicular to (left), and in the plane (right) are presented. 
 
 
 
Also included in Table 1, where accessible, are values of the entropy of 
fusion, ∆S°m, which are deemed to be indicative of plastic crystal behaviour when 
found to be below 5 e.u. (cal deg-1 mol-1) – as strictly empirically advanced by 
Timmermans,1-3 and in the modern literature expressed as ∆S°m < 20 J K-1 mol-1. 
Many of the materials investigated here do not fit that criterion, but this 
discrepancy more recently was observed also for a number of plastic crystalline 
organic salts.4 In the case of polymers, as is customary, ∆S°m is presented per 
mole repeat unit.31 It should be noted, however, that uncertainty exists about the 
degree of crystallinity of some of the compounds, which naturally affects the 
relevance of the values given in Table 1. However our solid-state compression 
molding was found to also be applicable to some polymers of low – if any –
crystallinity, for which ∆S°m could not be sensibly deduced. These materials are 
listed in Table 2. 
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4.2.6. Bulk charge transport  
In order to investigate whether or not solid-state processing deteriorated 
the electronic properties of the semiconductors, time-of-flight (TOF) 
photoconductivity experiments were conducted, which allow determination of 
bulk charge transport across thin-film architectures. For this purpose a typical 
small molecular compound (6T) and two polymeric species, i.e. P3HT and the 
liquid-crystalline poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene), 
pBTTT-C16, were selected. P3HT was chosen as it permitted us to readily create 
solid-state processed- as well as conventional solution-cast films, affording a 
direct comparison of the electronic characteristics resulting from the different 
fabrication techniques.  
 
Encouragingly, as for many polymer semiconductors, clear but dispersive 
hole photocurrent transients were found in time-of-flight (TOF) photoconductivity 
measurements conducted on solid-state molded P3HT structures with thickness of 
50 µm and more (usually 1-5 µm thick films are employed in TOF). This is 
evident from the data shown in Figure 5a (inflection point arrival time ttr is 
indicated by arrows). The pre- and post-transit power laws (gradients) deduced 
from these transients followed I ∝ ttr-(1-α1) and I ∝ ttr-(1+α2) respectively, as it is 
expected in case of dispersive charge-transport, where I is the photocurrent and 
α1 and α2 are constants.32 Hole transport scaled with bias (i.e., electric field 
strength), which illustrates that the charge carriers created traversed the entire film. 
Furthermore, an intriguing observation is that solid-state processed P3HT 
structures displayed significantly enhanced bulk charge transport properties 
compared to solution-cast films, in agreement with previous studies that unidirectional 
 86 
   a  b 
 
   c  d 
 
 
Figure 5. (a) Time-of-flight (TOF) photoconductivity measurements on solid-state molded poly(3-
hexylthiophene) (P3HT) architectures. Typical hole photocurrent transients measured under 
vacuum at two different voltages (thickness of P3HT film, d = 45 µm). (b) Comparison of P3HT 
films processed either in the solid state or from solution (E ~ 105 V cm-1). (c) Corresponding 
Poole-Frenkel plots of solid-state molded (filled symbols) and solution-cast (open symbols) P3HT 
structures (triangles: P3HT of Mw = 246 kg mol-1; squares: Mw = 60 kg mol-1). (d) TOF 
photoconductivity measurements on sexithiophene (6T). Left panel: Photocurrents measured at 
different bias across solid-state molded α-sexithiophene, 6T (film thickness, d = 200 µm). Right 
panel: Field-dependence of bulk charge-carrier mobility of solid-state processed 6T structures 
(filled symbols: d = 200 µm, grey symbols: d = 175 µm). 
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orientation of the macromolecular chains can result in improved bulk charge 
transport.33 Indeed, charge carrier mobilities µTOF in solid-state molded P3HT 
(246 kg mol-1) was determined to be 1⋅10-3 cm2 V-1 s-1; which is more than three 
orders of magnitude higher than that measured for the unannealed solution-
processed material of the same molecular weight that featured µTOF in the range of 
1⋅10-7 to 1⋅10-6 cm2 V-1 s-1 (Figure 5b). The latter, relatively low mobility value is 
consistent with previously reported values for high-molecular-weight P3HT.34 
However, as shown in Figure 5c and Figure 6, also for P3HT of lower molecular 
weight (60 kg mol-1), for which typically higher µTOF are reported,34 solid-state 
processing induced enhancement of bulk charge-carrier mobility when compared 
with solution-cast structures, further substantiating the beneficial aspects of our 
method. Similar observations were made with pBTTT-C16 (solid-state pressed at 
100 °C; Figure 7), for which bulk charge carrier mobilities increased by about one 
order of magnitude with respect to solution-cast structures (µTOFsolid-state =  1⋅10-4 - 
5⋅10-4 cm2 V-1 s-1, compared to room temperature µTOFsolution-cast = 5⋅10-6 - 5⋅10-5 
cm2 V-1 s-1).35 Interestingly, µTOF was found to be essentially field-independent for 
solid-state processed pBTTT-C16, indicating reduced energetic disorder then in case 
of solution-cast structures, which usually displayed a distinct field dependence. 
 
Good bulk charge transport, even across films of more than 150 µm 
thickness, was found also for solid-state molded 6T (Figure 5d) – a material that is 
known to be difficult to characterize with TOF, typically requiring special 
techniques.36 Charge-carrier mobilities up to 5⋅10-4 cm2 V-1 s-1 were deduced 
from the photocurrents, which exceeds by two orders of magnitude a previously 
reported value (5⋅10-6 cm2 V-1 s-1) for vapour deposited films. In agreement with the 
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Figure 6. TOF photocurrent transients of poly(3-hexylthiophene) P3HT of Mw of 60 kg mol-1. A 
comparison is shown between solution-cast (film thickness d = 5 µm, measured at a voltage 
V = 55 V) and solid-state pressed structures (d = 50 µm, V = 450 V). 
 
previous study, a pronounced field-dependence of the mobility was observed 
(Figure 5d/right panel).36 We note, though, that in our preliminary investigations 
no efforts were yet made to optimize the crystal polymorph, crystal orientation 
and texture with respect to charge transport pathway of this small molecular 
semiconductor. In addition, we like to again emphasize that the TOF mobilities 
for solid-state processed P3HT, pBTTT-C16 and 6T were deduced from 
photocurrents measured in structures that were 10 to 100 times thicker than usual 
architectures investigated in time-of-flight photoconductivity measurements, 
which generally are of a thickness of 1-5 µm. In contrast to our data on solid-state 
structures, for thick architectures, one normally would expect lower charge-carrier 
mobilities than for thin structures, as a result of the inherent reduction in the 
average drift velocity over time due to the dispersive nature of the charge 
transport in organic semiconductors. 
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Figure 7. (a) Time-of-flight (TOF) photoconductivity measurements on solid-state molded poly(2,5-
bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT-C16). Typical hole photocurrent 
transients recorded under vacuum at two different voltages (film thickness, d = 45 µm). (b) Field-
dependence of bulk charge-carrier mobility (Poole-Frenkel plot). 
 
4.2.7. Field-effect transistors 
Having established that solid-state processing of organic semiconductors 
did not adversely affect their electronic characteristics measured in TOF 
experiments, we proceeded to examine whether this method – even in its non-
optimized, crude version – would affect the often more sensitive interfacial charge 
transport characteristics. For this purpose, we fabricated field-effect transistors by 
directly molding solid-state pressed films onto bottom-gate/bottom-contact 
architectures, employing a range of small molecular semiconducting compounds, 
in addition to the same P3HT batch (246 kg mol-1) as used for the TOF 
measurements reported above. Promisingly transistors based on solid-state 
processed P3HT, 6,13-bis(tri-isopropylsilylethynyl) pentacene (TIPS), di-fluoro 
5,11-bis(tri-ethyl silylethynyl) anthra-di-thiophene (diF-TESADT), [60]PCBM all 
demonstrated a pronounced field-effect (current modulation by application of VG  
 90 
   a            b 
 
   c           d 
 
 
Figure 8. Field-effect transistor (output) characteristics of (a) solid-state processed P3HT, (b) 
6,13-bis(triisopropylsilylethynyl) pentacene (TIPS), (c) difluoro-5,11-bis(triethyl silylethynyl) 
anthra dithiophene (diF-TESADT) and ([6,6]-phenyl C61-butyric acid methyl ester) [60]PCMB. 
(d) Transfer characteristics of devices fabricated with solid-state molded [60]PCBM. 
 
Figure 8a,c). The devices based on [60]PCBM additionally exhibited ambipolar 
transport – i.e. transport of holes and/or electrons – even though compression 
molding was conducted in light and air (Figure 8d). Generally only a minor 
hysteresis between the gate voltage, VG, scans in the forward and reverse directions 
was observed, which illustrates that sufficiently adequate interfaces between the  
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Table 3. Device performance of thin-film field-effect transistors based on solid-state processed 
active layers of poly(3-hexylthiophene) (P3HT), 6,13-bis(tri-isopropylsilylethynyl) pentacene 
(TIPS), difluoro 5,11-bis(triethyl silylethynyl) anthradithiophene (diF-TESADT) and ([6,6]-phenyl 
C61-butyric acid methyl ester) ([60]PCBM). 
 
 
Compound 
                       Transistor Parameters 
Pressure/ 
Temperature 
(kN cm-2/ oC) 
 
Hole mobility 
 µn (cm2 V-1 s-1) 
Electron mobility 
µe (cm2 V-1 s-1) 
On/Off  
current 
ratio (-) 
Threshold voltage 
VT (V) 
P3HT 30 / 150 0.1 - 103 20 
TIPS 10 / 100 0.001 - 102 9 
diF-TESADT 10 / 100 0.03 - 102 8 
[60]PCBM 30 / 150 0.0001 0.001 105 
n-type:+20 
p-type: -50 
 
respective semiconductor and the gate dielectric were created when compression 
molding the active layer in its solid-state onto the pre-structured FET substrates. 
 
Table 3 summarizes the processing conditions and transistor parameters 
extracted from the operating characteristics of Figure 8, which illustrate that we 
were able to obtain field-effect carrier mobilities that are comparable with – or at 
least often approaching – those recorded for fully optimized solution-processed 
films based on the same FET geometry,37-40 despite the fact that solid-state 
processing of all four compounds studied here has not yet been optimized. Indeed 
the mobility value for P3HT (0.1 cm2 V-1 s-1) is essentially equivalent to the 
highest reported in the literature,37 which required a tedious fabrication process. 
This is a rather surprising result if one considers the strongly injection limited 
nature of the source/drain (S/D) contacts, as evident from the non-linear 
dependence of ID on VD at low bias (Figure 8a,c). The latter suggest that higher 
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mobilities may be achieved by improving the carrier injection through, for 
instance, the use of different S/D electrodes such as platinum (Pt).  
 
4.3. Conclusions 
In summary, we advanced solid-state processing of a broad spectrum of 
organic semiconducting species as an efficient alternative to vacuum deposition, 
solution- or melt-processing technologies and precursor routes. We demonstrated 
that bulk carrier mobilities derived from TOF studies did not deteriorate, but in 
some cases, actually, were significantly enhanced when compared to 
conventionally processed structures. Advantageously, interfacial charge transport 
both for electrons and holes was not affected, despite processing the organic 
semiconductors in light and air. Indeed, our data illustrate that the solid-state 
technology – even in the present embryonic state – can be employed to fabricate 
FETs. Clearly, there is ample room for improvement, notably in enhancing the 
physical interface between the active species and substrates – most importantly 
the gate dielectric and source/drain electrodes in case of FET structures – 
especially when bearing in mind that deformation of plastic crystals is critically 
influenced by temperature and the magnitude of pressure and rate at which it is 
applied.1 With respect to reducing the thickness of the films, which is critical in 
certain device configurations, the initial particle size of the solid semiconductors 
will need to be adjusted.  
 
It is evident that the simple nature of the solid-state fabrication process can 
be more broadly exploited.  For instance, the present processing scheme can be 
applied to otherwise intractable and/or insoluble solids as illustrated here with 
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amongst others, α-sexithiophene, pentacene and most prominently, unsubstituted 
polythiophene, PT. Solid-state molding should also allow simple deposition of 
adjacent p- and n-channel FETs in one single step, which opens up entirely new 
and facile manufacturing pathways for the fabrication of complementary logic 
circuits, a  much sought-after technology for the fabrication of large-scale organic 
integrated circuits. In addition, blends and layered structures may readily be 
created, without the difficulty to identify orthogonal solvents for the different 
species – a bottleneck often encountered today in, for example, photovoltaic cell 
manufacturing. Expansion of the present compression molding method can 
naturally be achieved by common rolling and calendering technologies, such as 
those applied in metal manufacturing and lamination, which are likely to lead to 
additional order and orientation of the semiconducting species.7 
 
4.4. Experimental 
 
4.4.1 Materials 
 Materials were purchased from various suppliers and were used as 
received. From Aldrich: naphthalene, pentacene, α-quarterthiophene, α-
sexithiophene, tetracyanoquinodimethane (TCNQ), 2,4-di-3-guaiazulenyl-1,3-
dihydroxy-cyclo-butenediylium dihydroxide bis(inner salt) (squaraine), tri-
phenylene, indigo, tris-(8-hydroxyquinoline) aluminum (Alq3), copper-(II)-
phthalocyanine (CuPh), C60, poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-
phenylene vinylene] (MEH-PPV; Mw = 350 kg mol-1), poly(bis(4-phenyl)2,3,4-tri-
methylphenyl)amine-(PTAA; Mw = 17.5 kg mol-1); from Acros Organic: 
anthracene; from Fluka Analytical: tetracene, tetrathiafulvalene; from Sensient-
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SynTec Imaging Technologies GmbH: (2,9-di-(pent-3-yl)-anthra [2,1,9-def:6,5,10-
d'e'f']di- isoquinoline-1,3,8,10-tetrone) (EPPTC); from Solenne: ([6,6]-phenyl C61-
butyric acid methyl ester) ([60]-PCBM); from Bucky USA: singlewall carbon 
nanotubes; from American Dye Source Inc.: poly(9,9-di-octyl-fluoronyl-2,7diyl)  
(PFO, Mw = 29 kg mol-1), poly[(9,9-di-octyl-fluoronyl-2,7-diyl)-co-(4,4’-(N-(4-
butyl-phenyl))di-phenylamine)] (TFB, Mw = 31 kg mol-1). 6,13-Bis(tri-
isopropylsilylethynyl)-pentacene (TIPS),41 5,11-bis(tri-ethyl silylethynyl) anthra-
dithiophene (TESADT),42  di-fluoro 5,11-bis(tri-ethyl silylethynyl) anthra-
dithiophene (diF-TESADT)43 and poly(2,5-bis(3-hexadecylthiophen-2-
yl)thieno[3,2-b]thiophene) (pBTTT-C16; Mw = 55.5 kg mol-1)44 were synthesized 
according to literature procedures. Polythiophene (PT) and poly(3-
hexylthiophene) (P3HT; Mw = 246 kg mol-1) were synthesized in analogy to the 
procedure reported by McCullough45 using low catalyst loadings in refluxing 
THF.  
 
4.4.2. Solid-state compression molding 
The as-received materials were first sandwiched between two cleaned 
glass slides and PTFE release films, and then pressed at temperatures Tp < Tm (see 
Table 1) at an applied force of ~10 – 30 kN m-2 using a Rondol Technology hot 
press. Resulting films were of a thickness of 20-200 µm (measured with a 
micrometer) depending on grain size of material and molding conditions. In the 
case of field-effect transistor (FET) fabrication, the pressed films were cut to 
smaller dimension to fit the source-drain channel length and width, and were then 
pressed at room temperature at 1 – 2 kN m-2. Similarly, for TOF measurements, 
solid-state molded material was either pressed between ITO-coated glass slides 
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(P3HT, pBTTT-C16) or aluminum electrodes were evaporated on either side of a 
self supporting film (6T).  
 
 4.4.3. Thermal analysis 
Melting temperatures, Tm, and enthalpies of fusion, ΔHm, were determined 
with a Mettler DSC822e differential scanning calorimeter (DSC). Samples of 1-10 
mg sealed in aluminum crucibles were heated under nitrogen at a scanning rate of 
10 °C min-1 from 25 °C to – where applicable – a temperature of at least 25 °C 
above Tm. Melting temperatures reported here refer to the maximum in the 
endothermal peaks; entropies of fusion ΔS°m were calculated as ΔHm / Tm. 
 
4.4.4. Wide-angle X-ray diffraction 
Wide-angle X-ray diffraction (WAXD) studies were performed on an 
Oxford Diffraction Xcalibur™ XP (Abingdon, UK) instrument, using a Mo-Kα 
source (λ = 0.7093 Å) operating at -50 V and 40 mA. Patterns were recorded with 
an Oxford Diffraction Onyx CCD detector at a distance of 130 mm. 
 
4.4.5. Optical microscopy 
Optical microscopy was carried out with a Leica DMRX polarising 
microscope equipped with a Leica DFC 480 Camera. 
 
4.4.6. Mechanical properties 
Mechanical testing was performed at room temperature with an Instron 
Tensile Tester (Model 5864) at a cross-head speed of 5 mm min-1. Strips of a 
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width of 2 mm and gauge length 10 mm were cut from the centre of a pressed film 
of a thickness of ~210 µm.   
 
4.4.7. Reflectivity measurements  
To measure normal incidence reflectivity, a confocal LabRam HR 800 
instrument (Jobin-Yvon/Horiba) was employed, with light, coming from a 
halogen lamp, being focused into a small area of the sample using an Olympus 
BX41 microscope (fitted with a long distance, small aperture 10x objective). The 
reflected light was collected through the same objective and directed to a 
spectrometer which spatially separated the different light wavelengths into 
different pixels of a Peltier cooled charge coupled device (CCD). As reference, a 
Therlabs BB1EO2 mirror with >99 % reflectivity over the measured spectral 
range was employed. The system was calibrated using silicon wafers; the reported 
reflectivities have less than 5 % uncertainty, i.e. <2 % in the reflectivity values 
reported. Measurements were taken at several spots throughout the samples to 
check film homogeneity. 
 
4.4.8. Density measurements 
Densities of the P3HT and PT were characterized by helium gas 
pycnometry at ambient with a Quantachrome Micro-Ultrapycnometer-1000 
equipped with a Nanocell. Amounts of ~ 80 mg each polymer were employed and 
Pulse Mode was applied for purging the cell prior to the measurements. The 
instrument was operated in the Multi Run Mode and density values were 
determined by averaging over 10 runs. The theoretical specific denisities ρcalc 
were calculated using lattice parameters given in Refs. 23-26 (for P3HT: 
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ρP3HTcalc = 1.10 to 1.13 g cm-3, depending on the crystal structure proposed) and 
Ref. 26 (for PT; ρPTcalc, = 1.63 g cm-3). 
 
4.4.9. Time-of-flight photoconductivity measurements  
All photoconduction experiments were performed in a vacuum chamber 
(typical pressure 10-5 mbar, unless noted differently) at room temperature. The 
optical excitation was provided by either the 6 ns, 532 nm wavelength output of a 
frequency doubled insert model Nd:YAG laser (P3HT, pBTTT) or its 6 ns, 355 nm 
frequency tripled output (6T), as the materials studied here display an absorption 
peak close to this wavelength. All measurements were carried out under DC bias 
from a low noise power supply. The laser pulse intensity was kept sufficiently 
low. As a consequence, the photogenerated charge was less than 10 % of the 
charge stored across the sample (C⋅V, where C is the sample capacitance and V the 
applied potential), avoiding space-charge effects that would result in a non-
uniform electric field. The transient current was measured as a voltage drop across 
a range of load resistors (ranging from 47 Ω for fast signals to 83 kΩ for very 
slow signals) at the input of a buffer amplifier whose output was connected to an 
Agilent Infinium digitizing oscilloscope. Signal averaging (typically over 128 
pulses) and background subtraction were performed in order to minimize both 
random and coherent radio frequency noise. Charge carrier mobilities µTOF were 
calculated using the expression:   
 
    µTOF = d2/V⋅ ttr      (4.1) 
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where d is the sample thickness and ttr the inflection point arrival time obtained 
from a double logarithmic plot of the photocurrent transient, and V the applied 
voltage. The electronic response time of the circuit τ  was at all times kept well 
below the time base of the measurement. 
 
4.4.10. Fabrication and characterization of field-effect transistors  
  Field-effect transistors were fabricated with heavily doped Si++ wafers as 
the global gate electrode with a 200 nm thermally oxidized SiO2 layer as the gate 
dielectric. Using conventional photolithography, gold source and drain electrodes 
were defined in a bottom-contact configuration with channel length, L, and width, 
W, in the range of 1-60 µm and 1-10 mm, respectively. A 10 nm-thin titanium 
adhesion layer for the gold was used on SiO2. The SiO2 layer was treated with the 
primer hexamethyldisilazane (HMDS) prior to semiconductor deposition in order 
to passivate its surface. The semiconductor layer was deposited using the solid-
state processing method described above. Electrical characterization was 
performed using an HP 4156C semiconductor parameter analyzer. All 
measurements were performed at room temperature in high-vacuum (10-5 mbar) 
or under N2 at atmospheric pressure. 
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Chapter 5 
 
 
 
Outlook  
 
 
The possibility of processing organic semiconductors into functional 
structures of well defined molecular order offers new exciting opportunities in the 
area of plastic electronics. In this thesis we explored the potential of ink-jet 
printing and elucidating structure/property relationships of liquid-crystalline 
polymers to produce high mobility structures. In addition, this thesis illustrates the 
potential of solid-state processing of organic semiconductors which allows 
fabrication of a large variety of useful structures; and a multitude of scientific and 
technical products may readily be explored in future. This outlook envisages to 
broaden the range of processes that are in reach with the processing strategies 
described in this thesis, and potential applications are discussed. 
 
5.1. Roll-to-roll coating of electronic products 
 
5.1.1. Foil stamping and lamination  
It is clear that high-throughput roll-to-roll methods have to be adopted for 
rendering manufacturing of large-area organic electronic products economically 
viable. Inexpensive low-temperature deposition and patterning techniques are 
therefore attracting increasing interest as alternative candidates to the spin-
coating procedures typically used on laboratory-scale for the fabrication of organic  
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        b 
 
 
Figure 1. (a) Schematic illustration of the production of organic thin-film-transistors by roll-to-roll 
methodologies. The process involves producing novel laminates of gate metal, dielectric (step 1) 
and semiconductor (step 2) homogeneously over a carrier substrate. The production of the 
laminate requires suitable materials that can be processed as thin films, and which have the 
requisite mechanical and electrical properties. (b) Wire-bar coating may be exploited to produce 
the laminates of a dielectric material, semiconductor or a semiconducting blend of adjusted 
mechanical properties onto vacuum metalized substrates. A patterned stamping process could be 
subsequently used to transfer the laminate from the carrier substrate onto the patterned 
source/drain electrodes on a roll-to-roll scale. This manufacturing process is based on ongoing 
activities within the frame work of a TSB-funded project: DT/F006144/2 (DECAF). 
 
semiconducting devices. These processing schemes promise to be readily up-
scalable and are compatible with flexible substrates and large-area fabrication at 
low cost per unit area.1,2 
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Figure 2. Photograph of the RK Print desk-top wire-bar coater used in this thesis. 
 
In this thesis, we explored ink-jet printing of the liquid-crystalline polymer 
poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophenes) pBTTT-C12, which 
allows precise deposition of well-defined semiconducting patterns. However, ink-
jet printing is a series process, thus not ideal for the manufacturing of large-area 
products at high throughput. pBTTT formulations, as already discussed in chapter 
3, should therefore be adjusted so that they are also be applicable to roll-to-roll 
procedures. This would allow, for instance, multi-layer architectures to be realized 
by exploiting lamination techniques (schematically depicted in Figure 1a). 
Consequently self-aligned architectures can be produced by using a patterned 
stamping process to transfer the laminate (Figure 1b) onto the patterned source-
drain electrodes, thus achieving direct registration. This would be a process stream 
similar to those employed for, e.g., the manufacture of security features used in 
credit cards and banknotes.3 Wire-bar coating techniques4,5 (Figure 2) may be 
exploited for this purpose, especially for the fabrication of multi-layer structures.  
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Figure 3. (a) and (b) Transfer and output characteristics of poly(3-hexylthiophene) (P3HT) (Mw 
= 60 kg mol-1) bottom gate/bottom contact thin-film field-effect transistors (channel length L= 10 
µm; channel width W = 10 mm), wire-bar coated from a 1.0 wt% xylene solution. 
 
Indeed, this methodology is commonly employed for deposition of coatings for a 
wide range of applications, including labels, office products and flexible 
packaging. Most interestingly for use in electronics manufacturing, wire-bar 
coating is generally uncomplicated to scale-up to roll-to-roll production methods 
such as reverse gravure coating, without compromising control of the thickness 
of the deposited layers across the entire substrate area. In addition, wire-bar 
coating has the advantage that it permits straight-forward processing also at elevated 
temperatures (T >100 ºC), in contrast to inkjet printing methods, which often are 
limited to deposition temperatures below 80 ºC.  
 
Reassuringly, initial studies on wire-bar coating of regio-regular poly(3-
hexylthiophene) (rr-P3HT) layers onto pre-patterned Si/SiO2 to fabricate discrete 
devices demonstrated field-effect transistors (FETs) of a performance very similar 
to spin-coated structures (Figure 3a,b). Indeed, hole mobilities of 10-2 cm2 V-1 s-1 and 
on/off ratios of 105 were achieved, despite the fact that the devices were fabricated 
 109 
  a   b 
 
Figure 4. (a) and (b) Transfer and output characteristics of poly(2,5-bis(3-dodecylthiophen-2-
yl)thieno[3,2-b]thiophene) (pBTTT-C12) (Mw = 51.4 kg mol-1) thin-film field-effect transistors 
(top gate/ top contact; channel length L= 20 µm; channel width W = 10 mm), spin-coated from a 
1.0 wt% 1,2,4-trichlorobenzene solution. 
 
in light and air [NB. the FETs were measured in N2 environment, after annealing 
in vacuum at 80 ºC for 4 hours]. Therefore, it is evident that the wire-bar coating 
process may be readily extendable to poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-
b]thiophene (pBTTT) formulations which posses better electronic performances 
than (rr-P3HT) as discussed in this thesis (chapter 1 and 3), especially when 
considering deposition at elevated temperatures is possible. Indeed, in a preliminary 
series of experiments, we fabricated top-gate/bottom-contact pBTTT-C12 FET 
devices on flexible polyethylene terephthalate (PET) substrates by spin-coating 
from a 1.0 wt% 1,2,4-trichlorobenzene (TCB) solution. Poly(vinyl phenol) 
(PVP) was thereby utilized as the gate dielectric. The resulting FET structures for 
these spin-coated devices displayed promising transfer and output characteristics 
(Figure 4a,b), with hole mobilities of 10-2 cm2 V-1 s-1 and on/off ratios of up to 
104, despite having been processed at ambient conditions. 
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Figure 5. (a) and (b) Transfer and output characteristics of poly(3-hexythiophene):high-density 
polyethylene (P3HT:HDPE), (50:50) thin-film field-effect transistors (channel length L= 10 µm; 
channel width W = 10 mm), wire-bar coated from 1.0 wt%  xylene solution. 
 
Furthermore, wire-bar coating also allows deposition of blends of the 
semiconducting material with, for instance, an insulating commodity polymer. 
This allows to control the processing parameters such as solution viscosity and 
the mechanical properties of the resulting architectures.6 The latter becomes 
particularly relevant when considering fabrication of organic electronic products by 
lamination processes as already discussed earlier (Figure 1a,b). Blending can 
contribute to maintain the mechanical integrity within the multilayer architecture, 
thus preventing shorts.  
 
Reassuringly the electronic properties seem not seriously affected by the 
blending (see Figure 5).6-9 Indeed, preliminary FET characteristics of P3HT:high-
density polyethylene (HDPE) blends using a 50:50 weight ratio wire-bar coated 
onto pre-patterned transistors displayed field-effect mobilities of 10-2 cm2 V-1 s-1 
and on/off ratios reaching 104 despite fabrication was conducted in light and air  
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Figure 6. Ultraviolet–visble (UV-vis) absorption spectra of poly(3-hexylthiophene):[6,6]-phenyl 
C61-butyric acid methyl ester  (P3HT:[60]PCBM), (50:50) blend, deposited on a microscopy glass 
slide, spin-coated (grey) and wire-bar coated (black) P3HT films from 1 wt% xylene solution. 
 
(Figure 5a,b). Clearly, there is ample room for expanding this process, thus 
opening new pathways for the manufacturing of organic electronic applications. A 
thorough understanding of the solution phase behaviour, as discussed in Chapter 
3, will be highly useful for this purpose. 
 
5.1.2. Large-area fabrication of organic solar cells 
 Organic solar cells represent a very promising and rapidly developing 
technology that has recently received considerable attention from academia as 
well as industry.10-18 Organic solar cells promise to provide inexpensive, 
mechanically flexible products, processed at low temperatures with up-scalable 
roll-to-roll fabrication procedures. This is in strong contrast to inorganic-based 
solar cells where, typically, the deposition of the active components requires high 
temperature and vacuum fabrication steps. Clearly, to render OPV technology 
attractive, further studies are necessary to improve the overall power conversion 
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efficiency of current organic solar cells. Among other things, the materials 
chemistry needs to be tailored in order to produce stable materials that can better 
match the solar spectrum. Some progress has been realized in this regard.19-21 
Improvements in device engineering are also required to enhance the process of 
light harvesting, for instance TiOx layers may be used as optical spacers to better 
absorb and distribute the incoming light.22,23 Finally optimising the materials 
processing protocols should allow to better control film thicknesses and, thus, film 
homogeneity over larger areas. In this thesis, focus was directed towards realising 
processes that allow high through-put methods compatible with roll-to-roll 
manufacturing such as reverse gravure coating, blade coating, slot-die coating and 
spray coating.11,24-26  
 
In order to build on the work presented in this thesis, we explored the 
option to use wire-bar coating technologies for the deposition of OPV 
formulations. Clearly, for this purpose, the importance of solvent selection and 
solubility of the active materials is even more significant compared to FET 
formulations, as the active layer is comprised of at least two semiconducting 
components. Thus minute changes in processing conditions can have significant 
affect on the resulting microstructure, which in turn will strongly influence the 
device photovoltaic performance.27 
 
Interestingly, UV-vis absorption spectra of films of P3HT: [6,6]-phenyl C61-
butyric acid methyl ester [60]PCBM 50:50 blends wire-bar coated at 80 °C were 
similar to those observed for spin-coated and then heat-treated structures.12,28 This 
indicates that good molecular aggregation (i.e. intermolecular order29) was realized 
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   a       b 
 
 
Figure 7. Wide-angle X-ray diffraction of rolled poly(3-hexylthiophene) P3HT (60 kg mol-1) film of 
30 µm thickness. The sample was rolled at room temperature. (a) X-ray beam in plane parallel 
to the film rolling direction, and (b) perpendicular to the film. 
 
in such wire-bar coated films, even without employing post-treatment procedures, 
such as annealing (Figure 6). However, further investigations on the effect of the 
wire-bar coating procedure on charge photo-generation and recombination is 
required. These may be assessed in transient absorption (TAS) and photo-
luminescent quenching measurements. 
 
5.2. Rolling 
 
5.2.1. Polymer semiconductors 
We have shown in Chapter 4 that solid-state processing often allows 
excellent control over the morphology and final microstructure of organic 
semiconducting structures. Such molecular order in the organic components 
employed in devices is most desirable since this normally facilitates molecule-to-
molecule hopping of charge-carriers by improved lateral packing (e.g. π-stacking). 
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Figure 8. (a) and (b) Polarized optical micrographs of solid–state pressed poly(vinylidene 
fluoride) PVDF between cross polarizer showing the presence of preferred orientation. 
 
In this context, it is interesting to note that molecular order may be further improved 
by inducing uniaxial orientation of the macromolecules. For this purpose the 
solid-state processing technology may be extended to rolling and calendering 
procedures, which are known to frequently induce a certain degree of ‘texture’ 
(i.e. anisotropic molecular order).30 In addition, film thickness of such solid-state 
structures may be reduced to an extent which will be significantly influenced by 
the temperature, magnitude of pressure and the rate at which pressure is applied. 
Promisingly, preliminary rolling experiments permitted fabrication of P3HT films 
of a thickness of ~ 4 µm only (which is a factor of 10 thinner when compared to 
the structures generally obtained by simple solid-state processing). However, so 
far only limited uniaxial orientation has been obtained, as it is evident from the 
wide-angle X-ray (WAXS) data of a rolled P3HT thin film shown in Figure 7.  
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  a   b 
 
 
Figure 9. (a) Wide-angle X-ray (WAXS) patterns of a melt-processed poly(vinylidene 
fluoride) (PVDF) films. (b) WAXS patterns of a PVDF film stretched four times, showing a 
strong molecular anisotropy. 
 
5.2.2. Ferroelectric polymers 
Interestingly, solid-state processing routes can also be applied to other 
functional polymers, such as poly(vinylidene fluoride) (PVDF). PVDF is a 
promising material for use in ferroelectric applications; however, the paraelectric 
crystal form is the more stable crystal phase compared to the interesting 
ferroelectric polymorph. In fact, the ferroelectric form can usually only be obtained 
through tedious stretch alignment, which produces structures that are not easy to 
integrate e.g. into device architectures. Therefore the use of PVDF structures in 
ferroelectric applications such as on-chip cooling and temperature sensors for 
regulators and electronics,31,32 has been restricted and the significantly more 
expensive copolymer poly(vinylidene fluoride)–(trifluoroethylene) (PVDF-TrFE) 
has frequently been utilized for this purpose.33 
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We can envisage adopting the solid-state processing technique as revealed 
in Chapter 4 of this thesis to solid-state roll PVDF in order to induce the chain 
alignment necessary for inducing the desired ferroelectric polymorph. This may 
open up routes to produce in a most simple fashion ferroelectric architectures with 
the significantly cheaper PVDF. Encouragingly, initial experiments showed that 
PVDF – as well as PVDF-TrFE copolymers – can be processed in the solid-state 
below their melting temperatures, resulting in ordered structures as evident in 
polarized optical microscopy (Figure 8a,b). Comparisons with stretched-aligned 
PVDF structures are now required (Figure 9a,b) to gain the capability to optimize 
the solid-state technology for PVDF processing. 
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Appendix І 
 
 
 
α-Quaterthiophene-polyethylene blends:  
phase behaviour and electronic properties 
 
 
A1.1. Introduction 
In recent years, there has been increasing interest in organic 
semiconductors, as these materials promise low-cost fabrication of, e.g., discrete 
thin-film field-effect transistors (FETs),1-3 light-emitting diodes (LEDs),4, 5 organic 
photovoltaic (OPV) cells,6 sensors,7, 8 as well as more integrated structures such as 
radio-frequency identification tags (RFIDs).9-11 Both, small molecules and 
polymers have been investigated for this purpose, with the former usually 
exhibiting superior electronic properties and the latter generally allowing use of 
more straight-forward processing methods. In this work, we focus on small 
molecular species as they display well-defined conjugation lengths and provide 
simple model systems for elucidating relevant structure-property correlations, 
especially with respect to their electronic behaviour. 
 
One promising class of semiconducting small molecules are the thiophene 
homologues,12 in part due to the rich chemistry of the aromatic thiophene ring, 
which allows a wide variety of systems to be synthesized. This permits design and 
tuning of the semiconducting properties of these materials.13, 14 For instance, 
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charge-carrier mobilities determined in field-effect transistor configuration, µFET, 
of the simple, unsubstituted oligomers increase with conjugation length, 
apparently saturating around 10-1 cm2 V-1 s-1 for molecules that comprise six 
thiophene groups or more (see Table 1). 
 
Generally, oligothiophenes are processed via relatively cumbersome 
vapour deposition techniques.15-20 Melt- and solution-based pathways are less 
common due to the comparatively high melting temperatures, limited solubility at 
ambient as well as low viscosities of these species, which restricts growth of 
continuous thin films over large areas.21, 22 Some issues in melt- and solution-
processing of α-quaterthiophene (4T) are addressed below; in particular, the use of 
4T in blends with the insulating linear (high-density) polyethylene. The addition 
of a high molecular weight polymer to the small-molecular oligothiophene is 
expected, among other things, to increase solution- and melt-viscosity, which 
provides, for example, improved film-forming characteristics. Furthermore, 
highly desirable mechanical (solid-state) properties will be imparted to these two-
component systems if tough polymers (such as polyethylene, PE) are utilized for 
this purpose. This has recently been demonstrated with poly(3-hexylthiophene) 
(P3HT):PE blends and diblock co-polymers.23, 24 Importantly, in these studies, it 
was reported that µFET was not significantly affected by the presence of the 
insulator at a PE weight fraction as high as 97 wt% in blends and 90 wt% in block 
co-polymers. Compared to these systems that are comprised of two 
macromolecular species, oligothiophene:polyethylene (i.e. small-molecular: 
polymeric) binaries provide additional insight into such crystalline:crystalline 
semiconducting:insulating organic blends, for instance, as shown here, the 
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influence of the rate of solidification on microstructures induced and the 
dependence of the resulting electronic characteristics of these materials systems 
on the latter. 
 
A1.2. Results and discussions 
 
A1.2.1. Phase behaviour of α-quaterthiophene 
Among existing (non-substituted) oligothiophenes, α-quaterthiophene offers 
a good trade-off between electronic properties and processability in terms of the 
material’s melting temperature and solubility. Bi- and terthiophene, for instance, 
would provide good solubility and low melting temperatures, Tm, but their short 
conjugation length results in poor semiconducting properties/device performance. 
Oligothiophenes comprising five thiophene units and more, on the other hand, 
although interesting for their superior electronic characteristics, display 
inconveniently high melting temperatures in excess of 250 °C (cf. Table 1).  
 
Differential scanning calorimetry (DSC) of α-quaterthiophene indicates 
that melt processing requires also relatively elevated temperatures >215 °C, with 
sublimation commencing at similar temperatures (see Figure 1a). This allows, 
accordingly, only a relatively small processing window. However, in contrast to 
its higher homologues, 4T permits relatively straight-forward solution processing. 
For instance, for concentrations up to ∼10 wt%, dissolution temperatures <∼140 °C 
of this species are found in common benign non-chlorinated solvents such as 
decalin, with corresponding crystallization temperatures of Tc <110 °C (see, e.g. 
crystallization /composition diagram of 4T and decalin in Figure 2). Such solutions  
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Table 1. Melting temperatures, Tm, and charge-carrier mobilities, μFET, of oligothiophenes and one 
of its polymeric derivatives, as well as appearance of selected solids and solutions.25-29 
 
 
were found to be rather thermally stable (as confirmed by nuclear magnetic 
resonance (NMR) -data - not shown), which is contrary to those of other 
conjugated oligomers, such as the polycyclic tetracene and pentacene.30 
 
A1.2.2. Phase behaviour of 4T:HDPE blends 
Blends of 4T and high-density polyethylene (HDPE) formed homogenous 
dilute solutions in decalin at elevated temperatures (see Experimental). In contrast 
to the P3HT:PE binaries described in Refs. 23 and 24, for which two different 
solidification sequences can be induced (i.e. P3HT crystallizing prior to PE and 
vice versa), we found that 4T exhibits a higher crystallization temperature than PE 
at all concentrations explored and, accordingly, invariably crystallized prior to the 
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a    b 
 
Figure 1. (a) Differential scanning calorimetry (DSC) and (b) thermo-gravimetric analysis (TGA) 
of α-quaterthiophene (4T) (heating/cooling rate = 10 °C min-1) from which we can deduce the 
DSC peak melting temperature Tm = 213 °C, enthalpy of fusion ΔHm = 119 J g-1, crystallization 
temperature Tc = 201 °C and enthalpy of crystallization ΔHc = -118 J g-1. 
 
polymer. Conveniently, this was reported to be the crystallization sequence most 
favourable to yield high-mobility, low-percolation threshold systems.23,24 
 
Hence, the 4T:HDPE blends allowed us to explore the influence of 
different rates of solidification on the microstructures induced and, in turn, their 
influence on the electronic properties of the blends. For this purpose we followed 
the two processing pathways indicated in Figure 2. In path I, hot solutions of the 
two components were cast at ambient, followed by solvent evaporation at that 
same temperature, causing the materials to slowly crystallize from dilute solution. 
“Flash”-removal of the solvent was conducted at elevated temperature of ~130 °C 
(path II), which resulted in faster crystallization of 4T from the more 
concentrated viscous liquids, followed by solidification of the polymer. Casting and 
solvent removal at ambient resulted in coarse microstructures, while 4T:HDPE films  
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Figure 2. Crystallization temperature/composition diagrams of α-quaterthiophene (4T):decalin and 
high-density polyethylene HDPE:decalin binaries (superimposed) constructed with peak 
crystallization temperatures determined from differential scanning calorimetry DSC second 
cooling thermograms. In path I, a dilute solution was cooled to room temperature, followed by 
slow solvent removal at ambient, whereas in path II the solvent was rapidly evaporated at ~130 °C, 
followed by cooling to room temperature. 
 
produced at elevated temperatures (i.e. fast solvent removal) featured a distinctly 
finer and more homogenous distribution of the semiconductor (Figure 3). 
 
A significant influence of the rate of solidification was also found on the 
phase behaviour of binary 4T:HDPE mixtures (see Figure 4a,d). All temperature/ 
composition diagrams indicate simple monotectic phase behaviour with a 
miscibility gap of the two components over a wide range of temperatures and 
compositions (N.B. A partial miscibility of the two blend components has 
previously been reported31). However, the melting-, dissolution- and 
crystallization- temperatures of the semiconducting species were significantly 
affected by the manner in which the 4T:HDPE blends were produced. Considerably  
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   a        b 
 
 
Figure 3. Optical micrographs (unpolarized transmitted light) of 50:50 α-quaterthiophene: 
polyethylene (4T:PE) blends processed via (a) pathway (I) and (b)  (II). The darker regions 
correspond to α-quaterthiophene. 
 
lower values of both, Tm and Tc of 4T were recorded in blends obtained by 
casting at elevated temperatures, consistent with a smaller crystal and domain 
size of this species (cf. Figure 3). 
 
As the processing pathway selected is likely to affect also molecular order 
known to potentially influence semiconducting properties of conjugated species18,19 
– wide-angle X-ray diffraction (WAXD) was performed on the differently 
processed 4T:HDPE blends, as well as neat 4T and HDPE references (Figure 
5a,b). For the binary mixtures, diffractions resulting from both individual 
components were observed (Figure 5a,b). Neat 4T crystallized as the low 
temperature polymorph when processed according to path I and as the high 
temperature version via route II,32 as was also found for 4T in the blends with 
HDPE (cf. Figure 5a,b). For α-oligothiophenes of even number of thiophene units, 
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a      b 
 
c   d 
 
Figure 4. Binary non-equilibrium temperature/composition diagrams of α-quaterthiophene:high-
density polyethylene 4T:HDPE blends. Heating via (a) pathway I, and (b) pathway II. (c) and (d) 
Cooling under conditions allowing respectively slow (I) and fast solidification (II). The diagrams 
were constructed from differential scanning calorimetry DSC peak temperatures observed in first 
heating and cooling thermograms (full symbols) and optical microscopy (open symbols). L1, L2 
denote liquid phases and S4T, SPE solid 4T and polyethylene. 
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   a        b 
 
 
Figure 5. (a) and (b) Wide-angle X-ray diffraction patterns that were radially integrated of neat 4T 
processed following i: path (I), ii: path (II) and 10:90 α-quaterthiophene:high-density polyethylene 
4T:HDPE binaries obtained via iii: path (I), iv: path (II) and  HDPE (v). 
 
however, charge-transport characteristics were reported to be little affected by the 
polymorph,18 and, hence, here of lesser concern. 
 
A1.2.3. Electronic properties of 4T:HDPE blends 
In a first set of experiments, electronic properties of thin films of 
4T:HDPE blends were examined in the bottom-gate/bottom-contact FET-
configuration. Small source-drain currents were recorded in transistors based on 
4T:HDPE produced by slow solvent removal at ambient. Mobilities in such films 
were estimated to be less than 10-6 cm2 V-1 s-1.  
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                                   b 
 
                                   c 
 
Figure 6. (a) Transfer characteristics of bottom-gate bottom-contact field-effect transistors FET 
comprising a 50:50 α-quaterthiophene:high-density polyethylene 4T:HDPE blend (L = 5 µm; 
W = 10 mm) fabricated by rapid solvent evaporation at ~130 °C (solid lines) and slow 
solidification, at ambient (dashed lines). (b) Corresponding charge-carrier mobility and (c) output 
characteristics of a FET comprising an active layer cast at ~130 °C. 
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  a  b 
 
Figure 7. (a) Field-effect mobility and (b) transfer characteristics of α-quaterthiophene:high-
density polyethylene 4T:HDPE blends cast at ~130 °C as function of composition. 
 
In sharp contrast, clean FET characteristics were observed for devices 
comprising 4T:HDPE layers produced at elevated temperatures. In fact, current 
modulations of 103 and charge-carrier mobilities of ~1.10-4 cm2 V-1 s-1 were 
measured for blends comprising 10 wt% 4T or more, exemplarily shown in Figure 
6 for 50:50 4T:HDPE solidified in this manner. This is comparable with µFET 
values reported for vapour-deposited neat α-quaterthiophene.15, 16 Note, however, 
the sub-linear dependence of source-drain current, ID, on source-drain bias, VD, 
observed in the output characteristics at small VD, and the relatively small ID at VD 
= -5 V in the transfer characteristic, both suggesting limited charge injection 
(Figure 6a,c). No significant dependence on channel length was observed for 
devices of L = 5 µm and 20 µm.  
 
Electronic characteristics deteriorated rapidly when the semiconductor 
content in 4T:HDPE binaries was reduced to <~10 wt%. Charge-carrier mobilities 
of <10-6 cm2 V-1 s-1 were obtained for these devices, and a distinct shift of the 
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threshold voltage, VT, of ~15 V was observed (see Figure 7a,b). This indicates that 
a barrier may have formed preventing efficient injection of charge carriers from 
the source-drain electrodes into the active layers that comprised larger 
concentrations of insulator.  
 
A1.3. Conclusions 
A FET performance comparable to that of neat 4T was recorded with 
devices based on 4T:HDPE binaries that were processed via path II and (at 
elevated temperatures) featured liquid-liquid phase separation. In contrast, blends 
in which the two components were miscible in the liquid state (grey-shaded 
concentration regimes in Figures 4 and 7) showed rapidly deteriorating charge-
transport with decreasing semiconductor content, with device performance similar 
to that found for FETs based on active layers displaying large-scale phase 
separation, as induced by solidification path I. 
 
A1.4. Experimental 
 
A1.4.1. Materials 
α-Quaterthiophene (Mw = 0.34 kg mol-1, Tm = 213 °C, Tc = 201 °C) was 
purchased from Sigma-Aldrich and linear high-density polyethylene (Mw = 102 
kg mol-1, Tm = 132 °C, Tc = 117 °C) was supplied by DSM (Stamylan 7048).  
 
A1.4.2. Sample preparation 
For thermal analysis and X-ray diffraction studies, α-quaterthiophene: 
polyethylene blends were mixed by co-dissolving the materials in decalin (Fluka; 
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used as received) (~1 wt% total material content) at a temperature of ~140 °C, 
followed by solvent evaporation at ambient (path I) or at ~130 °C (path II). The 
latter temperature was selected to be above the crystallization temperature Tc of 
polyethylene, but below that of 4T (cf. Figure 2). Thin films of blends of different 
compositions were cast from ~1 wt% solutions (total content) at ambient or ~ 
130 °C, onto glass slides for optical microscopy and onto doped silicon-silicon 
oxide (Si/SiO2) substrates treated with octadecyltrichlorsilane (OTS) for FET 
studies. The thickness of these films was 5 - 10 µm. 
 
A1.4.3. Thermal analysis  
Thermo-gravimetric analysis (TGA) and differential scanning calorimetry 
(DSC) were conducted under N2 atmosphere at a scan rate of 10 °C min-1 with a 
Mettler Toledo TGA/SDTA851e and a Mettler Toledo DSC 822e instrument, 
respectively. For DSC analysis of α-quaterthiophene and polyethylene in decalin, 
medium pressure 120 µl Mettler stainless steel crucibles sealed with Viton O-
rings were utilized. The sample weight, including solvent, was ~50 mg. For 
characterization of the dried 4T:HDPE blends, amounts of about 5 mg were sealed 
in Al standard 40 µl crucibles. 
 
A1.4.4. Optical microscopy 
Optical microscopy was carried out with a Leica DMRX polarizing 
microscope equipped with a Mettler Toledo FP82HT hot stage. For construction 
of the sections of the binary phase diagrams at low concentrations of one 
component, blend films were heated and cooled at 10 °C min-1 in the hot stage and 
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the transition temperatures were deduced from appearance/disappearance of 
birefringence of the respective crystalline phases. 
 
A1.4.5. Wide-angle X-ray diffraction 
Wide-angle X-ray diffraction patterns of different 4T:HDPE blends were 
recorded with an Xcalibur PX instrument (Oxford Diffraction) using MoKα-
radiation source (λ = 0.7093 Å). 
 
A1.4.6. Field-effect transistors 
Bottom-gate/bottom-contact FETs were fabricated in a N2 atmosphere on 
highly doped Si-wafers with a thermally grown 230 nm SiO2 layer; the two layers 
served as the gate electrode and gate insulator, respectively. Prior to application of 
the semiconductor, the Si-wafers were surface-treated with octadecyltrichlorsilane 
according to the following procedure. Si/SiO2 substrates were cleaned in an 
ultrasonic bath with acetone, water and isopropyl alcohol (in this sequence) and 
exposed to UV-light for 20 min. Subsequently, the substrates were heated to 
60 °C for 15 to 20 min in a mixture of toluene and (OTS) (3:7 ratio). Finally, the 
OTS-treated Si/SiO2 was cleaned in hexane, acetone and isopropyl alcohol, 
followed by drying with nitrogen. Gold (Au) source and drain electrodes (30 nm 
thick) were defined by standard photolithography (channel lengths, L = 5 µm and 
20 µm; channel width, W = 10 mm). 
 
Electronic characterization of the FETs was conducted in a N2 atmosphere 
with a HP4155B semiconductor parameter analyzer. Field-effect mobilities were 
calculated from transfer characteristics (saturation regime) employing the relation: 
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where ID is the source-drain current (saturation regime), VG and VD gate and 
source-drain voltage, respectively, Ci the insulator capacitance, W and L the 
channel width and length, and V0 the turn-on voltage.33 
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Appendix II 
 
 
 
Efficient, stable bulk charge transport in  
crystalline / crystalline semiconductor-insulator blends 
 
 
A2.1. Introduction 
Recently, the potential of organic semiconductor/insulator multi-
component systems has been demonstrated with a broad variety of structures 
ranging from polymer/polymer,1-5 polymer/small molecule6 and small molecule/ 
small molecule blends,7 to [block-] copolymer architectures.8-12 In general, the 
main focus has been on the use of such blends and copolymers in field-effect 
transistor applications, as these materials systems promise the possibility to 
preferentially segregate the organic semiconductor on the surface of the active 
layer in contact with the gate dielectric.2, 3, 13, 14 Such a vertical phase separation 
often enhances device performance as field-effect transistors (FETs) critically 
depend on the active semiconductor/gate-dielectric interface – indeed, charge 
transport occurs essentially in the semiconductor’s first few molecular layers at 
the active layer/gate dielectric interface.15, 16  However, in various devices other 
than FET structures, bulk charge transport is often more critical for achieving 
good electronic performance than interfacial phenomena, for instance, in organic 
photovoltaic (OPV) cells, based on bulk-heterojunction17, 18 and the other 
photoconductor applications. As a consequence, systems that combine good bulk 
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charge transport with desirable characteristic such as strength and toughness, are 
much sought after, e.g. for the realization of mechanically- robust, large- area 
photovoltaic products. 
 
A2.2. Results and discussions 
 
A2.2.1. Bulk charge transport 
We set out to investigate thin films of semiconductor/insulator blends and 
the effect of high-density polyethylene (HDPE) content on bulk charge transport 
of a broad range of crystalline/crystalline poly(3-hexylthiophene) P3HT:HDPE 
(see Figure 1a, chemical structures) combinations; and for comparison also of 
related diblock copolymers. In a first set of time-of-flight photoconduction 
experiments with 35:65 wt% P3HT:HDPE blends and copolymers, we find clean, 
dispersive hole photocurrent transients that are very similar to those previously 
reported for 100 % P3HT (Figure 1b,c).19 The appearance of inflection point 
arrival times, ttr (indicated by arrows), shows that the charge-carriers are 
traversing the entire film thickness, whilst the pre- and post-transit power laws 
(gradients) that are deduced from these transients follow, respectively, I ∝ ttr-(1-α1) 
and I ∝ ttr-(1+α2), is as expected for dispersive charge transport (I being the 
photocurrent measured; and α1 and α2 being constants).20 Hole transport scales 
with bias (i.e., electric field strength) and thickness at the same field strength, 
even at a content of 65 wt% of the insulating polymer (both in blends and diblock 
copolymers) (Figure 1c). Clearly, carrier range corresponds to the sample 
thickness.21, 22 
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    b     c 
 
Figure 1. (a) Chemical structure of poly(3-hexylthiophene) P3HT (right) and high-density polyethylene 
HDPE (left). Bulk transport in both P3HT:HDPE systems based on diblock copolymers23 (synthesized 
according to Ref. 11), and blends (Ref. 1) has been investigated here. (b) Typical hole photocurrent 
transients measured under vacuum of 35:65 wt% P3HT:HDPE thin-film architectures (film thickness, d 
= 5.7 µm and 4.7 µm for, respectively, the blend and copolymer architectures), scaling with electric 
field. Inflection point arrival time, ttr (indicated by the arrows), increases from ~ 10 µs to ~ 20 µs (for 
the copolymer) as the potential is reduced from 46 V to 23 V. Similar behaviour is observed for the 
blend. (c) Arrival time scaling with sample thickness at constant electric field strength (~ 105 V cm-1). 
The arrival time scales with film thickness for both copolymers and blends (e.g. for the 35:65 blend: ttr ~ 
8 µs for d = 2.8 µm, compared to ~ 18 µs for d = 5.7 µm). 
 
Charge transport is not affected even at a high HDPE content of 80 wt% or 
more (Figure 2a,d). In fact, for hole transport (Figure 2a), arrival times of less 
than a few tens of µs are observed for most P3HT:HDPE systems (highlighted 
with red shaded areas). Indeed, nearly field-independent charge-carrier mobilities, 
µTOF are found for the P3HT:HDPE systems (Figure 3a,b)20, 24 with hole mobilities  
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   a            b 
 
   c           d 
 
Figure 2. Photocurrent transients of various poly(3-hexylthiophene):high-density polyethylene 
P3HT:HDPE systems measured under vacuum, at an applied electric field of ∼105 V cm-1. (a) Hole 
photocurrent transients in blends (d = 5 - 6 µm) and (b) copolymers. Both of the P3HT:HDPE 
blends and copolymers show dispersive hole transport for systems with a P3HT content larger than 
10 wt %, whereas for 5:95 P3HT:HDPE featureless photocurrent decays are observed. (c) Electron 
photocurrent transients in P3HT:HDPE blends and (d) copolymers. In contrast to neat P3HT and 
the P3HT-HDPE block copolymers, P3HT:HDPE blends display stable ambipolar transport down 
to a P3HT content of 10 wt %. 
 
of ≈ 5⋅10-5 to 5⋅10-4 cm2 V-1 s-1 for both blends and block copolymers (Figure 3a,c); 
which is in the same order of magnitude to those µTOF values reported in literature 
for neat P3HT.19, 20, 25 Exceptions are the 5:95 and 10:90 blends, which display 
slower transport with an arrival time of ttr ~180 µs, resulting in a drastic 
reduction in the hole mobility (in the case of the 10:90 system), if not in an entirely  
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Figure 3. (a) Field-dependence of bulk charge transport in poly(3-hexylthiophene):high-density 
polyethylene P3HT:HDPE blends and copolymers, illustrated by Poole-Frenkel plots of calculated 
carrier mobilities. Essentially field-independent hole mobilities of the order of 10-4 to 10-3 cm2 V-1 s-1 
are observed in blends of compositions of >20 wt% P3HT, whereas a negative field dependence is 
observed for the 10:90 blend. Interestingly, the hole mobilities (~10-3 cm2 V-1s-1) of 80:20 
P3HT:HDPE blends are about one order of magnitude higher than those observed in neat P3HT 
(b) Field independent electron mobilites are observed, which are equal or higher to the 
corresponding hole mobilities. (c) Calculated hole mobilities for P3HT-HDPE copolymers. 
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featureless photoresponse (P3HT content <10 wt%), indicating that the charge 
carriers are being trapped, and thus do not reach the counter-electrode. 
 
A2.2.2. Electron charge transport 
Interestingly, we find that addition of HDPE in the blends stabilizes 
electron transport. Indeed, ambipolar charge-transport is observed in P3HT:HDPE 
blends of compositions of >5 wt% HDPE (Figure 2c), in strong contrast to both 
our neat P3HT and the block copolymers, which display a featureless decay of the 
electron photocurrent (Figure 2d). In fact, the electron mobilities in blends are 
found to be equal to – if not higher than – the hole mobilities measured for the 
same P3HT:HDPE architecture (Figure 4a,b). This contrasts with previous work 
on neat P3HT, which reported lower electron mobilites when compared to holes.19 
 
A2.2.3. Percolation behaviour 
Somewhat unexpectedly when considering the stratification behaviour 
observed in amorphous/semicrystalline insulator/semiconductor systems, the bulk 
behaviour of the P3HT-HDPE copolymers do not differ strongly from the 
observations made for such binaries when used as active layers in FETs. Clean 
photocurrents are observed for the copolymers comprising up to 90 wt% of the 
insulator, with charge carrier mobilities being comparable to those found for neat 
P3HT (Figure 4a). This corresponds well with the FET percolation behaviour of 
such copolymers, for which it was reported that field-effect transistor performance 
degraded at a similar content of the HDPE moiety (i.e., 90 wt%).12 Block 
copolymers seem, though, to allow for the addition of a higher content of the 
insulator moiety without affecting the bulk charge transport compared to the 
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blends. In fact, 10:90  P3HT:PE blends display distinctly lower electron and hole 
mobilities than those found for the copolymers – or neat P3HT for that matter – 
whereas in FETs more than 97 wt% of the insulator HDPE could be added 
without deteriorating FET device performance.1  
 
Our observations, thus, strongly indicate that the two phases (HDPE vs. 
P3HT) separate in a slightly different fashion in the blend and copolymer systems. 
The copolymers do not permit large-scale phase separation, thus, providing 
percolating charge-transport pathways in the bulk. In blends, the two components 
will separate on a much larger scale, which can result in enrichment of the 
semiconductor at the interfaces,2, 3, 13 in agreement with the depth distribution of 
P3HT in thin P3HT:HDPE blends films as measured previously in Rutherford 
backscattering spectroscopy.1 As a consequence, FET performance identical to 
neat P3HT devices may be found for blends of very high HDPE concentrations, 
but obviously at the expense of bulk charge transport. This possibly explains the 
excellent transistor characteristics of such blends even at contents of >95 wt% 
HDPE;1 and gives guidelines for material selection depending on optoelectronic 
application (blends for FETs vs, copolymers in OPV structures). 
 
Most intriguingly, certain blend compositions displayed significantly 
enhanced charge transport properties compared to neat P3HT, with µTOF measured 
for 80:20 wt% P3HT:PE blends being up to one order of magnitude higher than 
those found in the single component P3HT system (Figure 4a,b). This is a rather 
surprising observation – not readily rationalized with general percolation 
considerations – possibly with interesting implications, e.g., for the photovoltaic  
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  c  d 
 
Figure 4. Time-of-flight charge-carrier mobility as a function of poly(3-hexylthiophene), P3HT, 
content in blends and copolymers, as deduced from the Poole-Frenkel field-dependant mobility at 
105 V cm-1. (a) Hole mobilities, measured under vacuum for blends (grey symbols), copolymers 
(black symbols), and neat P3HT (red square). (b) Electron mobilities (blends); no ambipolar 
charge transport was observed in poly(3-hexylthiophene)-high density polyethylene P3HT-HDPE 
copolymers. (c) Differential scanning calorimetry thermograms. Enthalpy of fusion, ΔHf (shaded 
areas in left panel). The respective enthalpies, as deduced from the shaded areas are: ΔHf (20:80 ≈ 
8 J g-1; ΔHf (80:20) ≈ 29 J g-1, ΔHf (100:0) ≈ 45 J g-1). (d) Wide-angle X-ray diffraction patterns of 
as-cast 20:80, 80:20 P3HT:HDPE blends and neat P3HT films. The (100) P3HT diffraction 
intensity increased essentially in linear fashion with P3HT content suggesting that the P3HT 
component in these systems is of similar crystallinity. 
 
applications, in which the enhancement in hole mobility is believed to be one of 
the most important tools for the overall improvement of solar cell efficiency.26, 27  
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Figure 5. (a) Air-stability of 35:65 poly(3-hexylthiophene):high-density polyethylene P3HT: 
HDPE blends and, for comparison, neat P3HT. Photocurrent transients of holes and electrons at 46 
V for 2.8 µm-thin neat P3HT (red symbols) and 35:65 P3TH:HDPE blend films (grey and white 
symbols), which had been exposed to air for 2 weeks. The arrows indicate the arrival time of the 
charge carriers. Only featureless decays are observed for the homopolymer P3HT (i.e. neat P3HT), 
in strong contrast to the blends, for which clean photocurrent transients are obtained. (b) 
Environmental stability is significantly enhanced by adding HDPE to P3HT as evidenced by the 
fact that charge carrier mobilities (both holes and electrons) for these blends were not significantly 
affected over a period of 4 months, whereas charge transport in neat P3HT deteriorated after 2 
hours exposure to air. 
 
Whereas the origin for this enhanced charge transport is so far unclear, it does not 
appear to result from an increased crystallinity in the specific case of 80:20 wt% 
blends. This is deduced from the fact that melting enthalpies and wide angle X-ray 
diffraction intensities (WAXD) increase with  P3HT content, without 
exceptionally high values being found for the 80:20 P3HT:HDPE (Figure 4c,d).  
Obviously, small changes in molecular order and orientation, for instance, from an 
edge-on to face-on configuration of the polythiophene backbone, cannot not be 
excluded.28  
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A2.2.4. Stability 
Finally, we like to also note that blending P3HT with HDPE appears to 
improve the environmental stability of the organic semiconductor, as is already 
evident by the fact that we observe clean electron charge transport in all blends, 
whilst no ambipolar behaviour was found for either the neat P3HT grades or the 
block copolymers. (Molecular oxygen impurities are frequently proposed as one 
possible electron traps19; HDPE furthermore may act as excellent encapsulating 
material, e.g., as barrier for water penetration). Interestingly, we find that both 
electron and hole charge transport are essentially not affected even after four 
months exposure of P3HT:HDPE blend films to light and air (Figure 5a,b).  
 
A2.3. Conclusions 
Clearly, the high apolarity and crystallinity of the added insulator may be 
the origin of the beneficial attributes we observe in our systems; yet further 
investigations are required to elucidate this in more detail. Without doubt, though, 
it is a highly desirable characteristic of these binaries, especially when considering 
technological exploitation of such systems. 
 
A2.4. Experimental 
 
A2.4.1. Materials 
Regio-regular poly(3-hexylthiophene) (Mn = 14 kg mol-1 and Mw = 22 kg 
mol-1) was generously supplied by Merck Chemicals, and high-density polyethylene 
(Mn = 100 kg mol-1 and Mw = 119 kg mol-1) was purchased from the Sigma-Aldrich. 
The P3HT-HDPE block copolymers were received from Dr. Christopher P. Radano 
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Table 1. The molecular weight Mw and number average molecular weight Mn of the neat P3HT, 
PE and various copolymers. 
  
P3HT / PE 
 
Mw 
 
kg mol-1 
 
Mn 
 
kg mol-1 
 
Mn (P3HT) 
 
kg mol-1 
 
Mn (HDPE) 
 
kg mol-1 
   neat materials 
 
100:0 
 
 
 
 
 
22 
 
 
 
 
14 
 
 
 
 
- 
 
 
 
 
- 
  
0:100 
 
 
119 
 
100 
 
- 
 
- 
  copolymers 
 
35-65 
 
 
 
 
94 
 
 
 
74 
 
 
 
19 
 
 
 
55 
  
20-80 
 
 
71 
 
61 
 
14 
 
47 
  
10-90 
 
 
140 
 
93 
 
13 
 
80 
  
 5-95 
 
 
197 
 
121 
 
13 
 
108 
 
and Prof. René Janssen, Technical University of Eindhoven, The Netherlands, 
synthesized according to Ref. 11 (see Table 1). 
 
A2.4.2. Sample preparation 
Homogeneous thin films for TOF photoconduction experiments were 
prepared by first dissolving blends and copolymers (total polymer content: 0.2 wt%) 
in xylene at 130 °C. The hot solutions were then cast onto gold-coated substrates 
(Au thickness = 50 nm) kept at 125 °C until the solvent had evaporated. This 
resulted in films of 5 – 6 μm thickness (as measured with a Veeco Dektak3 ST 
surface profile measuring system). 50 nm thin counter-electrodes were then 
thermally evaporated (aluminium: for hole-transport measurements; gold: for 
electron charge-transport). For wide-angle X-ray diffraction, thinner films of 
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approximately 0.5 to 2 μm were prepared accordingly, using less concentrated 
solutions of 0.1 wt%.  
 
A2.4.3. Thermal analysis  
Differential scanning calorimetry (DSC) was conducted under nitrogen at 
a scan rate of 10 °C min-1 with a Mettler Toledo DSC822 instrument. The 
enthalpy of fusion (ΔHf) of as-cast films was deduced from the first heating DSC 
thermograms (indicated with shaded areas in Figure 4c). 
 
A2.4.4. Wide-angle X-ray diffraction 
Standard transmission wide-angle X-ray diffraction was carried out with 
an X’Pert PRO PAN alytical instrument using CuKα-radiation (λ = 1.5418 Å). 
 
A2.4.5. Time-of-flight photoconductivity 
All photoconduction experiments were performed in a vacuum chamber 
(typical pressure 10-5 mbar, unless noted differently) at room temperature. The 6 ns, 
337 nm-wavelength, pulsed output of an EG101 Lambda Physik gas laser 
provided the optical excitation to create electron-hole pairs within a penetration 
depth of ~100 nm of the top electrode in the case of P3HT:HDPE blends and 
copolymers, where the HDPE absorbs strongly in the UV. For neat P3HT, the 6 ns, 
532 nm wavelength output of a frequency doubled insert model Nd:YAG laser 
provided the optical excitation, as the P3HT displays an absorption peak close to 
this wavelength. All measurements were carried out under a reverse DC bias from 
a low noise power supply. The laser pulse intensity was kept sufficiently low. As 
a consequence, the photogenerated charge was less than 10 % of the charge stored 
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across the sample (C⋅V, where C is the sample capacitance and V the applied 
potential), avoiding space charge effects that would result in a non-uniform 
electric field. The transient current was measured as a voltage drop across a range 
of load resistors (typically 47 Ω for fast signals and 2.31 kΩ for slow signals) at 
the input of a gain 11 amplifier whose output was connected to an Agilent 
Infinium digitizing oscilloscope. Signal averaging (typically over 128 pulses) and 
background subtraction were performed in order to minimize both random and 
coherent radio frequency noise. Charge carrier mobilities µTOF were calculated 
using the expression: 
 
µTOF = d2/V⋅ttr      (A2.1) 
 
where d is the sample thickness and ttr the inflection point arrival time obtained 
from a double logarithmic plot of the photocurrent transient, and V the applied 
voltage. The electronic response time of the circuit τ  was at all times kept well 
below the time base of the measurement. 
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 )stnemegdelwonkcA ﺷﻜﺮ ﻭ ﻋﺮﻓﺎﻥ( 
 
ﻣﺮﺣﻠﺔ ﻭ ﺧﺒﺮﻩ ﻟﻦ ﺃﻧﺴﺎﻩ ﻁﻮﺍﻝ ﺣﻴﺎﺗﻲ، ﺣﻴﺚ ﺃﻧﻨﻲ   ﺪﺍﻳﺔ ﺃﻭﺩ ﺍﻥ ﺃﻋﺘﺮﻑ ﺍﻥ ﺩﺭﺍﺳﺔ ﺍﻟﺪﻛﺘﻮﺭﻩ ﻫﻲﻓﻲ ﺍﻟﺒ
ﺃﺳﺘﻤﺘﻌﺖ ﻛﺜﻴﺮ ﻓﻲ ﺍﻟﺪﺭﺍﺳﺔ ﻭ ﻛﺎﻥ ﻟﻬﺎ ﺃﺛﺮ ﻛﺒﻴﺮ ﻟﻴﺲ ﻓﻘﻂ ﻋﻠﻰ  ﻣﺴﺘﻮﺍﻱ ﺍﻟﻌﻠﻤﻲ ﻭ ﻟﻜﻦ ﺃﻳﻀﺎ ُﻋﻠﻰ ﻣﺴﺘﻮﺍﻱ 
 ﺍﻟﺸﺨﺼﻲ. 
ﻟﺪﻋﻤﻬﻢ ﻭ  ﺑﻮﻝ ﺳﻤﻴﺚﺷﻴﻒ  ﻭ ﺍﻟﻤﺴﺎﻋﺪ ﻧﺎﺗﺎﻟﻲ ﺳﺘﻨﺠﻠﻦﻟﺬﻟﻚ ﺃﻭﺩ ﺃﻥ ﺃﺑﺪﺍ ﺑﺎﻟﺸﻜﺮ ﻭ ﺍ ﻟﺘﻘﺪﻳﺮ ﻟﻤﺸﺮﻓﺔ ﺍﻟﺒﺤﺚ 
ﺇﺷﺮﺍﻓﻬﻢ ﺍﻟﻼﻣﺤﺪﻭﺩ ﻟﻺﻁﺮﻭﺣﺔ،  ﻭ ﻟﻮﻻ ﻫﺬﺍ ﺍﻟﺪﻋﻢ ﻟﻤﺎ ﺗﻤﻜﻨﺖ ﻣﻦ ﺇﺗﻤﺎﻡ ﺍﻹﻁﺮﻭﺣﺔ.  ﺑﺎﻹﺿﺎﻓﺔ ﻟﺬﻟﻚ ﻭ ﺧﻼﻝ 
ﺃﻳﺎﻡ ﺍﻟﺪﺭﺍﺳﺔ ﻟﻢ ﺃﺷﻌﺮ ﻗﻂ ﺃﻧﻨﻲ ﺍﻋﻤﻞ ﻟﻮﺣﺪﻱ ﻭ ﻟﻜﻦ ﻛﺎﻧﻮﺍ ﺑﻤﺜﺎﺑﺔ ﺍﻟﻌﺎﺋﻠﺔ ﺑﺎﻟﻨﺴﺒﺔ ﻟﻲ. ﻟﻘﺪ ﺳﺎﻋﺪﻭﻧﻲ ﻓﻲ ﺗﻨﻤﻴﺔ 
  ﻟﻤﺴﺘﻮﻯ ﺍﻟﺸﺨﺼﻲ.ﻣﻬﺎﺭﺍﺗﻲ ﺍﻟﻌﻠﻤﻴﺔ ﻭ ﻛﺬﻟﻚ ﻣﻬﺎﺭﺍﺗﻲ ﻋﻠﻰ ﺍ
 
ﻛﻤﺎ ﺃﻭﺩ ﺃﻳﻀﺎ ًﺃﻥ ﺍﻗﺪﻡ ﺍﻟﺸﻜﺮ ﺍﻟﺨﺎﺹ ﻟﻜﻞ ﻫﺆﻻء ﺍﻟﺬﻳﻦ ﻋﻤﻠﺖ ﻣﻌﻬﻢ ﻭ ﻛﺎﻧﻮﺍ ﻣﻌﻲ ﻓﻲ ﺍﻷﻭﻗﺎﺕ ﺍﻟﺘﻲ ﺍﺣﺘﺠﺖ ﻟﻬﻢ 
ﺑﺮﻳﻄﺎﻧﻲ(، ﺃﻓﻴﻨﺎﺵ ﻛﻮﻣﺎﺭ  kcreMﻭ ﺳﺎﻋﺪﻭﻧﻲ ﻓﻲ ﺍﻷﻁﺮﻭﺣﺔ: ﺩﻳﻔﻴﺪ ﺳﺒﺎﺭﻭﻱ ﻣﻦ ﻣﻌﻤﻞ ﻣﻴﺮﻙ ﺍﻟﻜﻴﻤﻴﺎﺋﻲ )
، ﺑﺮﻳﻄﺎﻧﻴﺎ(، ﺑﺎﺳﻜﺎﻝ CIﺭﺗﻴﻦ ﻫﻴﻴﻨﻲ ), ﺍﻟﺴﻮﻳﺪ(، ﻣﺎ gnipökniL، ﺑﺮﻳﻄﺎﻧﻴﺎ(، ﻛﺮﻳﺲ ﻣﻮﻟﻴﺮ )LUMQ)
 ، ﺳﻮﻳﺴﺮﺍ(.HTE، ﻫﻮﻟﻨﺪﺍ( ﻭ ﻓﻴﻜﺲ ﻛﻮﺥ )eUT، ﺳﻮﻳﺴﺮﺍ(، ﻣﺎﺭﻙ ﺳﻴﻤﻮﻧﺖ )HTEﻭﻟﻴﻔﺮﺯ )
 
ﺑﺎﻟﻺﺿﺎﻓﺔ ﺍﻟﻲ ﺫﻟﻚ ﺃﻭﺩ ﺍﻥ ﺍﺷﻜﺮ ﻫﺆﻻء ﺍﻟﺬﻳﻦ ﻛﺎﻧﺖ ﻧﻘﺎﺷﺎﺗﻬﻢ ﻣﻌﻲ ﻣﺜﻤﺮﺓ ﻋﻠﻤﻴﺎ ًﻭ ﺩﻋﻤﻬﻢ ﺍﻟﺘﺠﺮﻳﺒﻲ ﻓﻲ 
ﻣﻜﻮﻭﻟﺞ، ﺗﻮﻣﺎﺱ ﺍﻧﺜﻮﺑﻮﻟﻮﺱ، ﺑﻮﻝ  ، ﺍﻳﺎﻥ(egelloC lairepmI) ﺍﻟﻤﻌﺎﻣﻞ: ﻣﻦ ﻛﻠﻴﺔ ﺍﻣﺒﻴﺮﻳﻞ ﻟﻨﺪﻥ
ﻭﺑﻜﻴﻨﺒﻴﺮﺝ، ﺍﻳﺴﺘﺮ ﺑﻮﺷﺎﻛﺎ، ﻟﻴﺎﻧﺞ ﻳﻮ، ﺟﻮﺭﺝ ﻫﻴﻜﺲ، ﺟﻴﺎﻧﻠﻮﻛﺎ ﻻﺗﻴﻨﻲ، ﻣﺎﻧﻮﻳﻼ ﺭﻭﺳﻮ ﻭ ﺃﺧﻴﺮﺍ ًﻭ ﻟﻴﺲ ﺍﺧﺮﺍ ً
  ﻣﺤﻤﺪ ﺍﻟﻬﺎﺷﻴﻤﻲ. ﻮ ﺻﻼﺡ ﺍﻟﺪﻳﻦ
 
(، ﻭﺭﻳﻦ ﺩﻭﻑ، kcreM ﺃﻳﻀﺎ ًﺃﻭﺩ ﺍﻥ ﺍﻗﺪﻡ ﺍﻟﺸﻜﺮ ﻟﺴﺘﻴﻒ ﺗﻴﺮﻧﻲ ﻣﻦ ﻣﻌﺎﻣﻞ ﻣﻴﺮﻙ ﺍﻟﻜﻴﻤﻴﺎﺋﻲ )ﺳﺎﻭﺙ ﻫﺎﻣﺒﺘﻮﻥ
ﻓﻞ ﻣﺎﻱ، ﻣﺎﺭﻙ ﺟﻤﻴﺲ، ﻛﺎﺗﻲ ﺑﺎﺗﻴﺮﺳﻮﻥ، ﻣﺎﺟﺪﺍ ﻛﻮﻧﻜﺎﻟﻔﻴﺲ، ﻣﺎﻛﺴﻴﻢ ﺷﻜﻮﻧﻔﻮ، ﻣﺎﻳﻜﻞ ﻛﻮﻭﻝ ﻭ ﻣﻴﺠﻞ 
ﻭ ﺍﻟﺘﻲ ﻛﺎﻥ ﺩﻋﻤﻬﻢ ﻓﻲ ﻛﻞ ﻣﺎ ﻳﺘﻌﻠﻖ  ﻛﻮﻳﻦ ﻣﺎﺭﻱ –ﻛﺎﺭﺍﺳﻜﻮ.  ﻛﻤﺎ ﺍﻗﺪﻡ ﺷﻜﺮ ﺧﺎﺹ ﻟﻔﺮﻳﻖ ﺟﺎﻣﻌﺔ ﻟﻨﺪﻥ 
  .ﺑﺪﺍﺭﺍﺳﺘﻲ: ﺭﻭﺭﻱ ﻭﻳﻠﺴﻦ، ﻣﻮﻧﺸﺎ ﻓﻴﻠﻴﺒﺲ، ﺛﻴﻮ ﻛﺮﻳﻮﺯﻳﺲ، ﺳﻴﻤﺎ ﺑﺎﺭﺍﺭﺩ ﻭ ﻛﻴﻦ ﺳﻜﻮﺕ
 
)ﺯﻳﻮﺭﺥ( ﻭ ﻣﺠﻤﻮﻋﺔ ﺑﻮﻟﻴﻤﺮ ﻟﻠﺘﻜﻨﻮﻟﻮﺟﻴﺎ ﻟﻤﻌﺎﻣﻠﺘﻲ ﻛﻔﺮﺩ ﻣﻦ ﻋﺎﺋﻠﺘﻬﻢ ﻓﻲ HTEﻭ ﺍﻭﺩ ﺍﻥ ﺍﻗﺪﻡ ﺟﺰﻳﻞ ﺍﻟﺸﻜﺮ ﻝ
ﻛﻞ ﺯﻳﺎﺭﺍﺗﻲ ﻟﻤﻌﺎﻣﻠﻬﻢ: ﺑﺮﻭﻓﻴﺴﺮ ﻭﻭﻟﺘﺮ ﺳﺘﻴﻮﺭﻳﺮ، ﻭﻭﻟﺘﺮ ﻛﺎﺳﻴﺮﻱ، ﻛﻴﺮﻳﻞ ﻓﻴﻠﺪﻣﺎﻥ، ﻣﺎﺭﻛﻮﺱ ﺗﺮﻭﻣﻴﺮ، ﺟﺎﻥ 
 ﺟﻴﺴﺒﺮﺧﺖ ﻭ ﻛﺮﻳﻦ ﺑﻴﺮﻟﻨﺪ
 
ﻟﻤﻌﻨﻮﻱ ﻓﻲ ﻛﻞ ﺍﻷﻭﻗﺖ ﺍﻟﺼﻌﺒﺔ ﻭ ﺍﻟﺠﻴﺪﺓ، ﻭﻟﻴﺪ ﺍﺣﻤﺪ،  ﻭ ﻓﻲ ﺍﻟﻨﻬﺎﻳﺔ  ﺷﻜﺮﺍ ﺟﺰﻳﻞ ﻷﻋﺰ ﺃﺻﺪﻗﺎﺋﻲ ﻟﺪﻋﻤﻬﻢ ﺍ
 ﺧﺎﻟﺪ ﺍﻟﻤﺰﻳﻨﻲ.  ﻫﺸﺎﻡ ﺧﻀﺮ ﻭ  ﺍﻟﻔﻬﺪ ﺍﻟﻔﻀﻞ، ﻓﻬﺪ ﺍﻟﺴﺎﻓﺎﺭ، ﻭ ﻻ ﺃﻧﺴﻰ ﺇﻳﻀﺎً 
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